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Abstract The biological responses to precipitation within the terrestrial components of Earth system
models, or land surface models (LSMs), are mechanistically simple and poorly constrained, leaving
projections of terrestrial ecosystem functioning and feedbacks to climate change uncertain. A number of
field experiments have been conducted or are underway to test how changing precipitation will affect
terrestrial ecosystems. Results from these experiments have the potential to vastly improve modeled
processes. However, the transformation of experimental results into model improvements still represents a
grand challenge. Here we review the current state of precipitation manipulation experiments and the
precipitation responses of biological processes in LSMs to explore how these experiments can help improve
model realism. First, we discuss contemporary precipitation projections and then review the structure and
function of current-generation LSMs. We then examine different experimental designs and discuss basic
variables that, if measured, would increase a field experiment’s usefulness in a modeling context. Next, we
compare biological processes commonly measured in the field with their model analogs and find that, in
many cases, the way these processes are measured in the field is not compatible with the way they are
represented in LSMs, an effect that hinders model development. We then discuss the challenge of scaling
from the plot to the globe. Finally, we provide a series of recommendations aimed to improve the connectivity
between experiments and LSMs and conclude that studies designed from the perspective of researchers in both
communities will provide the greatest benefit to the broader global change community.
1. Introduction
Current and projected shifts in precipitation have the potential to impact vital terrestrial ecosystem functions
including worldwide food production, carbon storage, and patterns of biodiversity loss [Weltzin et al., 2003].
Precipitation is a primary driver of cellular- [e.g., Rodgers et al., 2012], individual- [e.g., Hanson et al., 2001],
population- [e.g., Avolio et al., 2012], community- [e.g., Kulmatiski and Beard, 2013], and ecosystem-scale [e.g.,
Suseela and Dukes, 2012] processes across a variety of temporal scales (Figure 1). These processes are affected
by both total precipitation [Wu et al., 2011] and variation in the timing of precipitation, including intraannual
[Grant et al., 2014; Peñuelas et al., 2004; Reichstein et al., 2013; Reyer et al., 2012] and interannual [Fatichi and
Ivanov, 2014; Hsu et al., 2012; Knapp and Smith, 2001; Peñuelas et al., 2004] variabilities. In light of the
projected changes in global precipitation patterns [Intergovernmental Panel on Climate Change (IPCC), 2012,
2013; Sillmann et al., 2013], there is a critical need to understand how changes in precipitation can impact
terrestrial ecosystems.
One way to examine these processes in the field is through the use of precipitation manipulation
experiments. The design and implementation [Beier et al., 2012; Hanson, 2000;Miranda et al., 2011] as well as
results [Reyer et al., 2012; Wu et al., 2011] from these experiments have been recently reviewed. However,
there is a need for a continued effort to integrate the results of field experiments into the land surface models
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(LSMs) that simulate the response of
the terrestrial biosphere to climate
forcing in the context of Earth system
models (ESMs) [e.g., Collins et al., 2011]
used to project rates and impacts of
future climate change.
Currently, LSM representation of many
biological responses to precipitation is
mechanistically simple and/or poorly
constrained due to lack of appropriate
parameterizations for many
ecosystems [Powell et al., 2013;
Todd-Brown et al., 2013]. This reflects
both the limited empirical data
necessary to improve models and a
lack of comparisons between model
simulations and observational data. In
this review, we outline ways that precipitation manipulation experiments can be designed to help inform
models and, ultimately, improve model realism for global change studies. Through collaboration with the
modeling community, the applicability of plot-scale results could be greatly enhanced. Although this idea has
been discussed before [Beier et al., 2012; Classen and Langley, 2005; Dietze et al., 2013], the transformation of
experimental results into model improvements is still fragmentary. This review is designed to provide a
framework to bridge the gap between these two communities and to reignite the efforts necessary for
interdisciplinary collaborations.
Here we first review the most recent projections for future terrestrial precipitation (i.e., Coupled Model
Intercomparison Project phase 5; section 2) and follow this with a brief review of the structure and
functioning of current-generation LSMs (section 3). In section 4, we explore the different approaches taken to
evaluate the response of terrestrial ecosystems to precipitation in the field. We not only focus on the
efficacy of different experimental designs for informing LSMs but also allude to natural experiments that are
useful for informing LSMs. In section 5, we highlight routine measurements, including hydrological and
meteorological measurements that, if taken, would aid the incorporation of more sophisticated data into
models. We then investigate the representation of some precipitation responses in LSMs and examine how
similar responses are measured in the field using four commonly measured biological processes as examples:
(1) carbon assimilation and productivity, (2) phenology, (3) soil organic matter (SOM) decomposition, and
(4) plant community dynamics (section 6). We provide recommendations for how measurements of
these processes could bemade in a way that is useful for model development. Finally, as this review considers
a connection between plot-scale data and global-scale models, we describe ways to improve model-data
connectivity (i.e., the ability of experimental data to evaluate and improve models) through the use of
targeted observational data (section 7). We conclude that, by following a few simple recommendations, the
applicability of field experiments and realism of LSMs could be greatly enhanced (section 8).
2. Future Terrestrial Precipitation Change
Increasing global surface temperatures are expected to enhance rates of evaporation and precipitation, over
both land and the ocean [Allan et al., 2013; Held and Soden, 2006; Schneider et al., 2010]. Contemporary
Coupled Model Intercomparison Project (CMIP) analyses suggest that the global mean wet-day precipitation
(total precipitation on days where precipitation is >1mm) will increase 3.5–9%, with projected totals
increasing under more intense radiative forcing scenarios. However, regional changes in mean precipitation
are projected to differ, with amounts increasing in some locations (e.g., high northern latitudes and in
Eastern Africa, South and Southeast Asia, and Antarctica) and decreasing in others (e.g., Central
America, South Africa, and the Mediterranean) [Sillmann et al., 2013]. These regional effects are expected
not only as a result of climate change but also as a result of rapid land use and land cover change
underway globally [Pielke et al., 2011].
Figure 1. Conceptual graph of the physical (y axis) and temporal (x axis)
scales of operation of the different processes discussed in the review.
The scale of operation will determine the influence of a given precipitation
change on each response. Researchers need to keep these scales in mind
when evaluating and quantifying biological response to precipitation.
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In concert with altered mean precipitation, models also project an increase in the frequency and intensity of
extreme precipitation events [O’Gorman, 2012; O’Gorman and Schneider, 2009; Sillmann et al., 2013; Tebaldi
et al., 2006] and an increase in precipitation variability with more frequent droughts and floods [Easterling
et al., 2000; IPCC, 2012, 2013]. Observations suggest that these changes are already occurring [Min et al.,
2011], with North America showing a strong increase in extreme precipitation events [Alexander et al., 2006].
An increase in these events is projected to occur globally, even in areas of the world where total precipitation
is projected to remain unchanged or decrease [Sillmann et al., 2013]. However, while projections of extreme
precipitation events over large areas (i.e., the continental scale) are robust, more local projections may be
masked by internal climate variability [Fischer et al., 2013].
Precipitation is an important forcing that governs hydrology, which in turn affects not only energy and water
cycles but also biological processes. As such, models need to simulate the response of these processes to a
range of precipitation magnitudes and intensities. A large body of research has been devoted to
understanding and properly simulating these responses [Cao and Woodward, 1998; Katul et al., 2007; Knapp
et al., 2008; Weltzin et al., 2003]. However, a greater understanding of the mechanisms driving biological
responses to precipitation changes and consequent feedbacks is needed to ensure better and more reliable
future projections.
3. Current-Generation LSMs
In the simplest form, a LSM provides boundary conditions for computing momentum, energy, and mass
(water, carbon) fluxes at the interface between the land surface and the atmospheric boundary layer. We use
the term LSM generically, including LSM sensu stricto and LSMs embedded in ecohydrological,
biogeochemical, and dynamic vegetation models, but we mostly focus on large-scale applications in the
context of ESMs and long-term studies. LSMs have evolved greatly [see Sellers et al., 1997; Pitman, 2003],
beginning as simple single soil layer, implicit vegetation models in the late 1960s [Manabe, 1969], and
expanding to include multiple soil layers and explicit vegetation in the late 1970s and 1980s [Deardorff, 1978;
Dickinson et al., 1993, 1986; Entekhabi and Eagleson, 1989; Noilhan and Planton, 1989; Sellers et al., 1986;
Verseghy, 1991], carbon assimilation in the early 1990s [Bonan, 1995; Cox et al., 1998; Sellers et al., 1992, 1996],
and finally, most currently, different plant types [Bonan et al., 2002] and dynamic changes in carbon pools
and vegetation properties [Bonan et al., 2003; Clark et al., 2011; Dickinson et al., 1998; Krinner et al., 2005]
as well as dynamic nitrogen pools [Dickinson et al., 2002; Thornton et al., 2009; Zaehle and Friend, 2010].
LSMs have been developed and applied at different scales, and while there is no clear guidance for the scale
at which a particular LSM should be applied, the tendency is to go toward finer spatial scales and to validate
LSMs at the scale of flux tower footprints (e.g., 1000–10,000m2) [e.g., Blyth et al., 2010]. However, components
that constitute the land surface schemes of climate models and ESMs [e.g., Best et al., 2011; Clark et al., 2011;
Krinner et al., 2005; Lawrence et al., 2011; Medvigy et al., 2009; Niu et al., 2011; Noilhan and Mahfouf, 1996;
Oleson et al., 2010; Viterbo and Beljaars, 1995] typically operate at larger spatial scales from tens to thousands
of kilometers and temporal scales from minutes to days and beyond. These models are continually
adding potentially relevant biological responses to precipitation and hydrological changes, often as
a function of soil moisture (section 5). Nonetheless, the functions used are often empirical, relying
on generalized responses and omit the driving biological processes. Although these functions may
simulate historical data well [Kleidon and Heimann, 1998; Porporato et al., 2002], the omission of
driving mechanisms decreases the reliability of future projections. Unfortunately, the reliance on
empirical models is a necessity due to limited understanding of responses of biological processes in
the field [Arneth et al., 2010].
In the sections below, we consider how precipitation manipulation experiments, which are fundamentally
designed to characterize these processes, can help decrease the uncertainty associated with precipitation
responses in LSMs. As stated above, we focus primarily on LSMs that constitute, or are designed for, the land
surface schemes of climate models and ESMs [e.g., Best et al., 2011; Clark et al., 2011; Krinner et al., 2005;
Lawrence et al., 2011; Oleson et al., 2010; Raddatz et al., 2007; Shevliakova et al., 2009; Sitch et al., 2003; Zaehle
and Friend, 2010]. However, the discussion is also relevant for mechanistic ecohydrological models [e.g.,
Fatichi et al., 2012b; Ivanov et al., 2008b], which are typically applied at smaller spatial scales and could
provide a bridge for improving large-scale models.
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4. Field Studies of Biological Responses to Precipitation Changes
Field studies have been underway that manipulate precipitation over small areas (i.e., plots) in order to
examine terrestrial responses to future precipitation change (Figure 2). Plot sizes vary greatly between
experiments, ranging from tens [e.g., Beier et al., 2004] to hundreds [e.g., Lamersdorf et al., 1998] to thousands
[e.g., Hanson et al., 2003; Pangle et al., 2012] of square meters but are typically smaller than the area simulated by
common LSM applications (section 3). Plots are typically equipped with instrumentation to monitor soil moisture
andmeteorological variables (section 5), although the density of instrumentation varies by experiment with some
replicating sensors only at the treatment level and others including measurements for each replicate plot.
These studies employ different methodologies, including using either natural studies or experimental
manipulations and active or passive treatments [Beier et al., 2012; Hanson, 2000]. For these studies, treatment
is defined as the type of manipulation imposed over replicate plots. Experiments also differ in the number of
treatment levels used, a design consideration that can critically influence an experiment’s usefulness in
informing models [Cottingham et al., 2005]. Below, we highlight the strengths and weaknesses of different
methodologies for improving and informing how LSMs model biological responses to precipitation change.
4.1. Natural Studies Versus Experimental Manipulations
Research designed to study how land surfaces respond to precipitation will usually follow one of two
strategies: (1) utilize existing natural precipitation events or gradients within a single ecosystem or (2)
manipulate precipitation through the use of experimental treatments. Natural experiments allow for the
evaluation of large-scale responses (e.g., full system gas, energy, and water fluxes). For example, flux tower
data at interannual and intraannual scales have been utilized for describing the response of whole-system
fluxes to drying and rewetting cycles in Mediterranean regions, finding that these systems are sensitive to
spring rain [Aires et al., 2008; Allard et al., 2008;Ma et al., 2007]. Other examples include studying the response
of systems to anomalous conditions such as extreme droughts [Baldocchi, 1997; Leuzinger et al., 2005;
Reichstein et al., 2007] and rain pulses [Huxman et al., 2004a, 2004b; Jarvis et al., 2007; Jenerette et al., 2008;
Ma et al., 2012]. Also, eddy flux networks have allowed for cross-system comparisons of precipitation
responses and changes in water use efficiency [Keenan et al., 2013; Rambal et al., 2003; Ross et al., 2012]. These
Figure 2. Examples of different experimental designs employed in precipitation manipulation experiments. (a) Rainfall
exclusion at Konza prairie in Kansas, USA. Note the use of pipes for funneling runoff away from plots. (b) Setup of rainfall
exclusion structures at Kruger Park in South Africa. (c) PRICLE rainfall variability experiment in Indiana, USA. Note the “control”
structures with fine mesh netting instead of rain excluding slats to control for shading caused by the slats in the treatment plots.
(d) Rainfall addition application at the EVENT experiment in Germany with rainfall exclusion shelter in the background.
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types of studies are useful for examining how processes defined and modeled at smaller scales translate
to larger scales [Baldocchi, 1997; Rambal et al., 2003; Vargas et al., 2013], as is described in section 7.
Natural experiments are also better for evaluating responses over long time scales, as most precipitation
manipulation experiments last 1–3 years and those lasting greater than 10 years are rare [Beier et al., 2012].
Although natural studies are well suited for analyzing precipitation responses at large scales, in terms of
improving LSMs, they suffer from the fact that the responses observed could be the result of numerous
smaller-scale processes, which cannot be easily disentangled. For example, at a single site and/or between
sites, seasonal changes in abiotic factors such as temperature or photoperiod or biotic factors such as
vegetation species distribution or soil type could influence perceived precipitation responses. Therefore,
natural studies are best suited for formulating predictions that can be subsequently tested using more
controlled experiments and/or examining the results of small-scale experiments at larger scales (section 7).
Here we will primarily focus on smaller-scale manipulation studies but include a discussion on how these and
larger-scale data can be used in conjunction to evaluate model performance.
As opposed to natural studies, precipitation manipulation experiments evaluate the response of the land
surface to changes in precipitation through direct alteration of the amount and/or timing of precipitation
(Figure 2). Most often these experiments manipulate rainfall (i.e., warm-season precipitation) rather than
full-season precipitation, but for the purpose of this review, we will use the term precipitation. These
manipulative experiments will often include control plots to use for comparison to the manipulated, or
experimental, plots. These control plots may experience ambient conditions defined by the precipitation
pattern at the site or prescribe conditions often representing mean precipitation patterns at the site.
Depending on the plot size, a buffer zone and/or trenching will be used to minimize edge effects, separate
plots, and improve the treatment representativeness [Hanson, 2000].
4.2. Active Versus Passive Manipulations
Precipitation manipulation experiments commonly employ either active or passive treatments or both. In
activemanipulation studies, precipitation is artificially added to plots using sprinklers, hoses, or watering cans
to supplement or replace natural precipitation or to alter precipitation chemistry. Alternatively, passive
manipulations augment or remove ambient precipitation, typically through rainfall interception using
throughfall or overstory shelters [Hanson, 2000]. In areas where vegetation height is low, such as grasslands,
overstory shelters are typically employed [e.g., Hoeppner and Dukes, 2012; Koerner and Collins, 2014; Yahdjian
and Sala, 2002], whereas throughfall shelters are typically used in systems with tall vegetation, such as forests
[e.g., Borken et al., 2006; Hanson et al., 1998; Pangle et al., 2012] (but see Misson et al. [2010]). Due to logistical
issues, these experiments are often done at small (tens of meters) scales [Beier et al., 2012]. However,
experiments at larger scales have been performed [e.g., Hanson et al., 1998;Misson et al., 2010; Nepstad et al.,
2002; Pangle et al., 2012].
The benefit of active manipulations is that environmental conditions other than precipitation are minimally
altered as a result of the manipulations. With passive manipulations, researchers must be cautious of
unintended changes in radiation, temperature, or vapor pressure deficit that might result from treatment
structures. In cases where these effects may be confounding, control plots are typically adjusted to create
similar conditions to the experimental plots (e.g., by using netting to block out radiation similar to that
removed by an overstory shelter). Also, the conditions created by passive manipulations are reliant on
ambient conditions. Therefore, interannual differences in precipitation responses may be larger than
responses to the manipulation due to year-to-year variation in precipitation.
4.3. Number of Treatment Levels
A major dilemma in the design of precipitation manipulation experiments involves determining the number
of treatment levels and number of replicates of each treatment. As precipitation is an environmental driver
that occurs at a range of values, multiple experimental treatment levels are desirable [Cottingham et al., 2005].
However, due to logistical constraints, an increase in treatment levels often comes at a cost to replication.
Experimental designs that employ only a single treatment level typically have higher replication, often of a
precipitation regime expected for a given region [e.g., Jentsch et al., 2007]. These analysis of variance-type
designs may increase confidence in evaluating the response to a particular scenario but do not allow for
responses to be evaluated across a range of precipitation and/or soil moisture values.
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In most LSMs, the biological responses to changes in precipitation are manifested as a function of rainfall
interception and soil moisture/soil water potential levels. Thus, experimental data that can be regressed
across multiple treatment levels can be integrated easier into LSMs [Cottingham et al., 2005]. However,
because of the trade-off between number of treatments and number of replicates in precipitation manipulation
experiments, the uncertainty of a model formulation informed from data generated using multiple treatment
levels likely increases as the number, range, or replication of levels decreases. Another source of uncertainty arises
when the treatment levels fail to encompass soil moisture levels (and variability) expected under future scenarios.
This may be particularly true for heavy rainfall or drought events. In fact, experiments that push the system to or
beyond the most extreme multimodel projections for a given area can provide the unique ability to identify
thresholds in precipitation that severely limit ecosystem functioning [Smith, 2011]. Therefore, ideally, experiments
should be designed to include multiple treatments leading to a range of soil moisture values that capture and
extend beyond the range of past observations and mean projections.
Typical output from these experiments includes soil moisture, aboveground net primary productivity, leaf onset and
offset dates, soil respiration, and species composition, among others (Table 1). Aswe discuss in the following sections,
with the addition and adjustment of a few measurements or products, the applicability of these measurements to
models, and thus progresses in the broader global change community, could be greatly improved.
5. Data Needs for Integration of Experiments With Models
To integrate experimental responses into LSMs, high-resolution monitoring of environmental variables is
needed (Table 1). One obvious response is the change in water flow through the system as a result of
Table 1. Data Needs to Incorporate Commonly Measured Field Responses Into Current-Generation Models
Process
Common Responses Measured and Reported by the
Experimental Community Data Needed by the Modeling Communitya
All processes ▪ Precipitation amount and timing
▪ Soil moisture▪ Air temperature
• Soil moisture, preferably at high temporal and
spatial resolution (actual and relative to saturation)
• Soil water retention curves
•Precipitation amount and timing
• Energy, water, and carbon fluxes
• Micrometeorological data (e.g., air temperature,
humidity, radiation, and wind speed), preferably
at high temporal and spatial resolution
• Soil temperature
• Detailed site characteristics
(e.g., plant functional and soil types and fractions)
Carbon assimilation and productivity ▪ Aboveground net primary productivity
▪ Net photosynthesis
• Photosynthesis and respiration, preferably at high
temporal resolution and in multiple canopy layers
• Stomatal conductance
• Carbon allocation to different plant tissues
including changes in carbon stocks over time
Phenology ▪ Date of bud burst/emergence
▪ Leaf drop/senescence
• Estimates of moisture availability and demand
at similar time points before, during, and
after emergence/senescence
• Comparisons across multiple seasons to
explore thresholds
• LAI, preferably at high temporal
and spatial resolution
Soil organic matter decomposition ▪ Soil respiration • Soil respiration, preferably at high temporal
and spatial resolution
• Microbial abundances at multiple depths
• Litter decomposition rates
Plant community dynamics ▪ Species richness▪ Species diversity • Species abundances grouped by functional type
• Functional type shifts through time
•Rates of reproduction and mortality
aMeasurements are grouped by order of importance.
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precipitation change. In general, precipitation within LSMs can take three possible routes: (1) fall on the
vegetation where it is intercepted and subsequently evaporated or fall on the ground as drip, (2) fall on the
soil surface where it can infiltrate the soil and then evaporate, be taken up by plant roots, or percolate down
to add to deeper layers including groundwater supplies, or (3) run off from the surface (Figure 3). Different
routes are a function of vegetation, soil properties, and rainfall intensity. The result is a general water budget
relationship between soil water content in depth units (SWC), precipitation (P), evapotranspiration (ET),
runoff (R), and addition to groundwater storage (GW): SWC=P-ET-R-GW. In LSMs, water kept in the soil
column (i.e., SWC) is generally allowed to flow in the vertical direction (e.g., z component), with the number of
soil layers varying between models [e.g., Famiglietti and Wood, 1994; Liang et al., 1994] (but see Seneviratne
et al. [2010] for a detailed review). Horizontal flow is typically accounted for only in hydrological and
ecohydrological models [e.g., Fatichi et al., 2012b]. To compare the hydrological budget of the system with
observations, an estimate of these variables (commonly just SWC or ET, along with P) is needed.
Soil moisture can be considered a unifying theme for the land surface because it exerts a control on many
physical and biological processes [Legates et al., 2011]. Multiscale processes, such as leaf gas and water
exchange, phenology, and decomposition, respond indirectly to changes in precipitation through direct
responses to soil moisture or soil water potential [Cramer et al., 2001], an energetic measure of soil water
content [Hillel, 1998]. Even though plant and microbial processes are mostly governed by soil water
potentials, soil moisture is the variable commonly monitored [Famiglietti et al., 2008; Jacobs et al., 2004;
Robock et al., 2000; Rosenbaum et al., 2012] and needs to be converted in soil water potential levels using soil
water retention curves [Saxton and Rawls, 2006; van Genuchten, 1980] especially for modeling applications
that simulate both soil moisture and water potentials [e.g., Ivanov et al., 2008b; Porporato et al., 2001].
Figure 3. Scheme of the land water balance within a hypothetical LSM with three soil layers. In this example, and similar to
the description in the text, precipitation can either (1) fall on the vegetation where it is intercepted and subsequently
evaporated or fall on the ground as drip, (2) fall on the soil surface where it can infiltrate the soil and then evaporate, be
taken up by plant roots, or percolate down to add to deeper layers including groundwater supplies, or (3) run off from the
surface. SL = soil layer; GW=ground water.
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Soil moisture can be observed using direct gravimetric sampling or neutron probe measurements but is most
commonly monitored using time domain reflectometry (TDR; see Rundel and Jarrell [2000], Hanson [2000],
and Robinson et al. [2008] for more detail information about each technique). The benefit of TDR is that it can
be implemented in a nondestructive fashion. However, TDR provides an estimate of soil water content, and
further data, such as a soil water retention curves and/or soil texture, are needed to translate the data into
soil water or matric potential. As such, researchers should be careful about comparing moisture responses
between studies reporting only soil water content data, as similar values may imply differing amounts of
stress in multiple systems that vary in soil texture [Vicca et al., 2012].
There is still uncertainty in how precipitation influences soil moisture both directly and indirectly (e.g.,
through vegetation-driven changes in soil infiltration, shading, or rain funneling [D’Odorico et al., 2007]), and
models are not always able to simulate these responses well. High spatial and temporal resolution
monitoring within precipitation manipulation experiments could help reduce model uncertainty. In the field,
soil moisture measurements often have better temporal, rather than spatial, resolution, particularly with
depth [Robinson et al., 2008; Vereecken et al., 2008]. As more models are beginning to include multiple soil
layers [e.g., Amenu and Kumar, 2008; Drewry et al., 2010; Oleson et al., 2013; Parton et al., 1993] and
topographic heterogeneity [Fatichi et al., 2012a; Ivanov et al., 2008a], soil moisture measurements at a variety
of depths and locations are important, as soil moisture can vary within the vertical profile and among sites
with similar soil characteristics [e.g., He et al., 2013].
More general, in models soil moisture is a function of climate, but this is mediated by the characteristics of the site,
including plant functional types (PFTs), soil type and texture, and rooting density and depth. Therefore, monitoring
and reporting of general site characteristics along with moisture values are necessary for proper model
parameterization [Ivanov et al., 2012; Liang et al., 2005] and/or data assimilation products [Heathman et al., 2003;
Rodell et al., 2004]. In addition, site characteristic monitoringmay allow for the inclusion of dynamic responses (i.e.,
characteristics that change over time) of these variables (e.g., rooting profiles) into models.
Note that all aspects of the precipitation-soil moisture interaction cannot be evaluated within experiments,
cloud-soil moisture feedbacks in particular. Previous studies have found a strong coupling between
precipitation and soil moisture that suggests that soil moisture may feedback to observed precipitation
patterns [D’Odorico and Porporato, 2004; D’Odorico et al., 2007; Koster et al., 2009, 2004; Teuling et al., 2006].
While these dynamics can be accounted for in coupled land surface climate models, they cannot be
addressed by small-scale experiments and remain a pure modeling domain.
Because the biological processes within LSMs respond to soil moisture/soil water potential rather than
precipitation, some have called for precipitation manipulation experiments to begin using common metrics for
evaluating soilmoisture stress [Vicca et al., 2012]. This is important for comparing the results ofmultiple studies and
may also be useful formaking generalizations formodels. Typically, this requires site characteristic data that can be
used to calculate a commonmetric frommeasured data (e.g., extractable water or stress intensity; see equations in
Vicca et al. [2012]). These data can then be used to generate generalized functions that combine both plant
physiological and soil processes to describe the response of plant water uptake to soil moisture [e.g., Bartholomeus
et al., 2008; Caylor et al., 2009; Ivanov et al., 2008b; Porporato et al., 2001]. These functions, essentially plant
responses at different levels of soil water potentials [e.g., Feddes et al., 1976, 2001;Maherali et al., 2004, 2006], allow
models to accommodate combinations of plant and soil types with differing responses.
Finally, micrometeorological data such as soil and air temperatures at various depths and heights,
respectively, as well as solar radiation, wind speed, and humidity at different points within the canopy are
useful for improving and testing model functioning [Katul et al., 2012; LeMone et al., 2007; Seneviratne et al.,
2010]. These data can be used to facilitate the incorporation and test the usefulness of more refined
processes into models (i.e., processes that respond only in part to changes in moisture), such as those
detailed in the next section. See Table 1 for a description of general data necessary to incorporate processes
into a model as well as specific data necessary to incorporate the four processes discussed below.
6. Experimental Data Best Suited for Integration With Models
In the following subsections we compare four biological processes commonly measured in the field with
their model analogs: (i) carbon assimilation and productivity, (ii) phenology, (iii) soil organic matter
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decomposition, and (iv) plant community
dynamics. We chose these processes because they
range in scale from leaf to ecosystem level and are
affected by precipitation over differing time scales
ranging from seconds to decades (see Figure 1).
This range allows us to discuss differences in
measured and modeled processes over differing
spatial and temporal scales. The purpose of these
comparisons is to highlight examples of processes
that are measured differently than they are
modeled and to explore how measurements or
formulations could be designed differently to help
make experimental results more suitable for
model development. Many of the
recommendations provided could be applied to
other processes beyond those mentioned below.
6.1. Carbon Assimilation and Productivity
Within LSMs, net primary productivity is the
difference between simulated carbon assimilation
and autotrophic respiration. Carbon assimilation is
simulated through leaf gas exchange processes
that respond to changes in environmental
conditions, including soil moisture. However, the
structure of these soil moisture responses varies
greatly among models [De Kauwe et al., 2013; Egea
et al., 2011a]. Some models (e.g., Orchidee-CN
(O-CN) [Zaehle et al., 2010]) use a modifier to alter the relationship between photosynthesis and conductance
within coupled photosynthesis-stomatal conductance schemes, which are based on empirical relationships
between stomatal conductance and assimilation [e.g., Ball et al., 1987; Jacobs et al., 1996; Leuning, 1995].
These modifiers are based on soil water content [e.g., Fatichi et al., 2012b;Wang and Leuning, 1998], soil water
potential [e.g., Laurent, 2004], or leaf water potential [e.g., Vico and Porporato, 2008]. See Figure 4 for an
example of such a function. Alternatively, other models (e.g., Community Land Model (CLM) [Oleson et al.,
2010, 2013]) include a similar type of modifier that alters the biochemical capacity of the photosynthetic
system based upon the soil water available to plant roots. For example, CLM uses a scaling factor, βt, which
scales down the maximum rate of carboxylation of photosynthesis (Vcmax). The βt value ranges from 0 to 1
depending on the amount of roots and soil moisture in each soil layer (i.e., Vcmax will be decreased less if a
greater amount of water is available to a larger fraction of roots). This modified Vcmax value is then used to
calculate photosynthetic rates [Collatz et al., 1991; Farquhar et al., 1980]. The carbon that is taken up through
photosynthesis is then allocated to different processes, including growth [Oleson et al., 2013].
As opposed to models that simulate photosynthetic responses to moisture and infer productivity responses,
field experiments often directly measure productivity and infer that photosynthesis is a main factor driving
the response [e.g., Fay et al., 2003]. This is because the positive relationship between precipitation, moisture,
and aboveground production is well documented and the explanation for this pattern is well understood:
when soil water is abundant, a plant can leave its stomates open, allowing for greater CO2 diffusion into
leaves [Chaves et al., 2009, 2003, 2002; Niyogi and Xue, 2006; Pinheiro and Chaves, 2011; Potter et al., 1993;
Shaw et al., 2002]. However, other evidence suggests that the link between assimilation and growth is more
complex because of the lag between assimilation and allocation of carbon [Sala et al., 2012]. This link may
indeed be mediated by plant carbon storage and hydraulic controls acting directly on meristematic activity
(tissue growth) rather than photosynthesis [Fatichi et al., 2014; Körner, 2013]. In addition, in hydric sites, water
is not limiting and additional water can decrease soil oxygen concentrations and nutrient cycling, resulting in
nutrient leaching and decreased aboveground productivity [Schuur, 2003]. Unfortunately, many studies do
not fully link the flow of carbon (from photosynthesis to growth), limiting their ability to develop model
Figure 4. Conceptual example showing values of a typical soil
moisture scaling factor for a land surface process (e.g.,
photosynthesis and SOM decomposition) under different soil
moisture conditions (θ). The process modeled here is for
photosynthesis, but a similar theory applies for other pro-
cesses. The function plotted defines the scaling factor to be
1 above a critical value when moisture does not influence the
process (θc; 0.27m
3/m3 here), 0 below the permanent wilting
point (θw; 0.136m
3/m3 here), and ((θ θw)/(θc θw))q else-
where, where q is a measure on nonlinearity that describes the
shape of the function [Egea et al., 2011a; Keenan et al., 2010;
Porporato et al., 2001]. Data are plotted for q values of 0.5, 1,
1.5, 2, and 3.
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parameterizations because models rely on a structure that links changes in growth in response to moisture
availability through carbon uptake and allocation. As such, there remains a need to better elucidate these
responses in the field (Table 1).
An additional area of uncertainty in the field and in models is the interactive effect of elevated CO2 and water
stress on carbon assimilation and productivity. Water use efficiency (i.e., the amount of carbon gained
through assimilation per water lost through transpiration) has been shown to increase with experimental
and historical increases in CO2 [Battipaglia et al., 2013; Keenan et al., 2013;Morgan et al., 2011], but the ability
of these potential water savings to mitigate drought stress, increase runoff, and stimulate productivity
remains debated [Donohue et al., 2013; Fatichi and Leuzinger, 2013; Huntington, 2008; Warren et al., 2011;
Zaehle et al., 2014]. Direct experimental tests of this response on plant productivity are rare and suggest
little interactive effect [Dukes et al., 2005]. Observational studies suggest that enhanced water use efficiency
does not always translate into productivity gains [Peñuelas et al., 2011] or mitigate the impacts of soil
moisture stress on plant growth [Brzostek et al., 2014; Grünzweig and Körner, 2001; Morgan et al., 2004].
As models vary greatly in how they simulate photosynthesis and conductance responses to CO2 and soil
moisture [De Kauwe et al., 2013], there is the potential for an important synergy between field researchers and
modelers to address this knowledge gap.
Currently, model simulations of terrestrial productivity responses to changes in precipitation are challenging,
likely due to improper parameterization of photosynthetic responses and/or the connection between
assimilation and productivity [Powell et al., 2013]. In fact, model-data comparisons have found that models
that only include Vcmax responses to soil moisture are not able to reproduce observations as well as models
that include more physiologically relevant mechanisms [Egea et al., 2011a] (but see Keenan et al. [2010]). As
such, there has been a recent push to include more physiologically relevant responses into models (e.g.,
mesophyll conductance [Egea et al., 2011a]). Although these studies are a good start, systematic model-data
comparisons examining photosynthetic and/or growth responses to changes in soil water content
are lacking.
Although poor parameterization of stomatal conductance, assimilation, and growth responses to soil
moisture is a major limitation of current models, this limitation provides an opportunity for future field
experiments to help understand and quantify these responses. To help improve model performance, field
researchers should measure the photosynthetic and conductance responses [e.g., Egea et al., 2011b; Grassi
and Magnani, 2005; Rodgers et al., 2012] and link them to the allocation processes that lead to changes in
growth [Franklin et al., 2012]. Figure 5 illustrates how in the absence of this link, field-derived productivity
data, while useful for evaluating the overall model performance, may not aid in improving the
parameterization of underlying processes. It also is worth noting that model simulation of these responses is
difficult because of the need for current models to organize species into broad categories, or plant functional
types (PFTs), and to be able to account for microclimate (e.g., temperature, radiation, humidity, and wind
speed) variability within the plant canopy.
6.2. Phenology
Shifts in phenology can have important feedbacks on ecosystem processes, particularly carbon uptake, biotic
interactions, and energy-water linkages [Dragoni et al., 2011; Richardson et al., 2009, 2012]. Phenological
responses to soil moisture in LSMs are often only simulated in “raingreen” deciduous species (i.e., species
that shed their leaves in response to soil moisture stress). This is implemented by simulating leaf senescence in
these trees as a function of the ratio of soil moisture and canopy conductance [e.g., Sitch et al., 2003]. Phenology
in other deciduous plant functional types (i.e., “summergreen” species) responds to temperature rather than
soil moisture. In some models, phenology in deciduous species may be determined by either temperature,
day length, or moisture depending on which factor reaches a predetermined threshold first [e.g., Fatichi et al.,
2012b; Shevliakova et al., 2009]. Similar alternative models have also been proposed to determine phenology in
deciduous species based on a cost-benefit structure, where leaves are only present when environmental
conditions, including temperature, precipitation, and photoperiod (an important driving factor [Körner and
Basler, 2010]), result in a net carbon gain [e.g., Arora and Boer, 2005].
Unfortunately, manipulation experiments in areas where phenology is most likely driven by soil moisture
(e.g., monsoon regions and tropical dry forests [Eamus, 1999; van Schaik et al., 1993]) are scarce (but see
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Borchert [1994]). As such, it remains unclear how to properly parameterize phenological responses in these
biomes. Phenological studies examining precipitation responses in temperate systems typically find that
temperature drives phenology [Bloor et al., 2010; Cleland et al., 2006]. However, flux tower studies in
Mediterranean grassland [Xu and Baldocchi, 2004; Xu et al., 2004] and precipitation manipulation experiments
in temperate grassland [Jentsch et al., 2009], Mediterranean shrubland [Llorens and Peñuelas, 2005], and
Mediterranean forest [Misson et al., 2011] have shown that moisture can have a strong effect on phenological
responses in extratropical systems, typically delaying spring phenology under drier conditions. For example,
Misson et al. [2011] found that the number of Mediterranean trees producing functionally mature leaves was
decreased by 50% under heavy (87% removal) spring drought.
Better model representation of phenological responses to precipitation change is likely to have a large influence
on model performance. Similar to productivity, field experiments should not only measure typical changes in
phenology such as timing of bud burst and leaf drop but also carefully measure how these processes vary with
changes in moisture availability and demand across seasons as well as within seasons (e.g., time evolution of leaf
area index (LAI) at high temporal resolution), carefully noting threshold moisture values where phenological shifts
occur. Studies should consider overstory as well as understory phenology, as understory plants have been shown
to constitute a large portion of carbon flux in some ecosystems [Baldocchi et al., 1997], an effect that, due to the
phenology of these species, has been shown to impair model performance [Kimball et al., 1997]. These types of
measurements will allow for a much better incorporation of responses and processes into LSMs.
6.3. Soil Organic Matter Decomposition
It is well known that soil organic matter (SOM) decomposition is sensitive to changes in water availability
[Ise and Moorcroft, 2006; Manzoni and Porporato, 2009; Moyano et al., 2013; Schimel et al., 1994; Suseela et al.,
Figure 5. Conceptual diagram illustrating the potential disconnect between models and experiments. Both experimental
(left side) and modeling (right side) studies use the same inputs (i.e., ambient and variable precipitation) and generate the
same output (i.e., aboveground net primary production (ANPP)). Boxes and arrows show each modeled process and interaction,
respectively. However, grey boxes and dashed arrows show processes and subsequent interactions, respectively, not examined in
the experimental study. As an example, the two studies result in different conclusions as to how a more variable precipitation
pattern would affect ANPP. However, these cannot be reconciled due to the fact that the two studies do not measure (experi-
ment) or simulate (model) the same processes. Therefore, although these experimental data would show that themodel does not
correctly represent the treatment response, it would be difficult to reformulate the modeled processes using this experiment.
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2012]. Many LSMs simulate SOMdecomposition in a similar fashion [Todd-Brown et al., 2013], using a framework
similar to the CENTURYmodel framework [Parton et al., 1987, 1993]. In the CENTURY framework, decomposition
is modeled as a first-order kinetic reaction with rate constants that differ as a function of the reactivity of
carbon in various soil and litter pools (i.e., passive, slow active [Parton et al., 1987, 1993]). To model climate
responses for each pool, this rate constant is modified as a function of soil temperature following Arrhenius
kinetics [Lloyd and Taylor, 1994]. Soil moisture influences this response by altering soil temperature. Soil
moisture is also included as a direct influence along with the temperature function into these models in the
form of an increasing [e.g., Andrén and Paustian, 1987] or peaked [e.g., Coleman and Jenkinson, 1999] modifier,
similar to the Vcmax scalar, βt, noted above.
In the field, SOM decomposition responses to precipitation and moisture are well studied. It is understood
that when soil moisture is low, soil microbes become less active, exhibit stress responses, and have less access
to C- and N-bearing substrates [Schimel et al., 2007]. When soils are water saturated, anoxic conditions can
impede microbial and enzymatic activity [Freeman et al., 2001]. Thus, shifts in precipitation that lead to dry or
wet conditions appear to lead to strong declines in decomposition rates [Liu et al., 2009; Suseela et al., 2012]
and these responses are typically included into models [e.g., Porporato et al., 2003].
On the other hand, shifts in precipitation that move soil moisture conditions away from these wet and dry
thresholds into more optimal conditions stimulate decomposition often leading to large pulsed releases of
carbon and nutrients [Cleveland et al., 2010; Craine and Gelderman, 2011]. For example, in arid and semiarid
ecosystems, rainfall events that follow long periods of dry conditions lead to pulsed releases of CO2 and
nutrients [Carbone et al., 2011; Huxman et al., 2004a; Sponseller, 2007; Xu et al., 2004]. These pulses in soil
respiration and N mineralization can comprise a substantial portion of the annual production of CO2 and
plant-available N [Austin et al., 2004; Carbone et al., 2011]. Models could be tested to reproduce pulse
respiration events and nonlinear threshold responses [Todd-Brown et al., 2013], but further evaluation of
model performance is necessary, as these responses may become less apparent and less important when
evaluating carbon cycling over longer time scales. This is only possible with longer manipulation experiments
or larger-scale observations (section 7).
In addition, different types of soil organisms have different strategies for acquiring and utilizing soil carbon
and nutrients, an effect that may have a large influence on soil carbon stocks [Averill et al., 2014; Orwin et al.,
2011]. These organismal differences are basically unaccounted for in LSMs [Manzoni and Porporato, 2009].
Recent research has focused on explicitly representing soil microbial processes into ecosystem models
[Allison et al., 2010; Orwin et al., 2011; Treseder et al., 2012]. At the global scale, the integration of a functioning
soil microbial community into CLM substantially improved predictions of current soil C stocks [Wieder
et al., 2013]. The majority of the parameters and outputs of this CLM microbial model can be
measured in the field (i.e., microbial growth efficiency, microbial biomass, and enzyme activity) and
should be more often reported as experimental results. Given that enzyme kinetics and microbial
growth efficiency are modeled primarily as a function of soil temperature in most microbial models,
there is the potential for field researchers to directly inform the next generation of models by
investigating how these parameters vary as a function of experimental changes in soil moisture or,
better, soil water potential (via changes in precipitation).
6.4. Plant Community Dynamics
A few models have been designed to incorporate individual- and community-level processes such as survival
and competition into ESMs through the use of dynamic global vegetation models (DGVMs). However, DGVMs
typically have a simplified land surface component, and integration of state-of-the-art LSMs with ecosystem
demography dynamics for global-scale analyses is still limited [e.g., Arora et al., 2013]. DGVMs typically come in
three classes: (1) “area-based” models that simulate the plant functional type (PFT) occupancy of a grid cell
based on environmental and climatic variables in a deterministic manner (e.g., CLM [Bonan et al., 2002; Oleson
et al., 2010, 2013], Lund-Potsdam-Jena (LPJ) [Sitch et al., 2003], and Top-down Representation of Interactive
Foliage and Flora Including Dynamics (TRIFFID) [Cox, 2001]), (2) “individual-based” gap models that simulate
competition between individual plants, primarily for light, in a stochastic manner (e.g., LPJ General Ecosystem
Simulator [Smith et al., 2001] and the adaptive dynamic global vegetation model [Scheiter and Higgins, 2009]),
and (3) hybrid models that simulate succession and light competition between PFTs in a deterministic,
computationally efficient manner (e.g., Ecosystem Dynamics Model [Medvigy et al., 2009;Moorcroft et al., 2001]).
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Individual responses in individual-based and hybrid DGVMs are typically defined primarily by light
competition, while changes in soil moisture affect vegetation at the community level. Community responses
are primarily driven by feedbacks that differ between PFTs [e.g., Medvigy et al., 2009]. In essence, these
responses are similar to the ones presented above but are parameterized differently for different PFTs or
species. For example, models may employ lower moisture stress thresholds for drought-tolerant than
drought-intolerant species, which have higher water use efficiency. This allows community dynamics to play
out via differences in carbon uptake of different PFTs under different moisture conditions. Additionally, ESMs
may simulate plant community changes to precipitation indirectly through changes in fire occurrence
[Li et al., 2013]. However, as human disturbances/decisions are critical in driving fire projections, we focus on
more direct precipitation responses here.
Although DGVMs are typically combined with LSMs to simulate plant community responses, experimental
results suggest that precipitation responses of plant communities are more complex than those represented
in models [e.g., Balvanera et al., 2006; Barger et al., 2011; Knapp, 1993; Knapp et al., 2012; Pérez-Ramos et al.,
2010; Walter et al., 2012; Yachi and Loreau, 1999]. For example, increases in rainfall intensity may specifically
alter the distribution of PFTs by increasing shrub encroachment [Barger et al., 2011; Kulmatiski and Beard,
2013], which could, in turn, influence the microclimate of the system [He et al., 2011]. Changes in rainfall
amount may affect seed production [Pérez-Ramos et al., 2010], and changes in rainfall timing may also
affect seed germination [Chou et al., 2008; Rivas-Arancibia et al., 2006], an important effect in annual
species. Finally, evidence suggests that biodiversity increases functional resilience to environmental
fluctuations [Balvanera et al., 2006; Yachi and Loreau, 1999], with other experimental evidence suggesting
that more functionally diverse communities experience less tissue dieback under extreme drought
[Walter et al., 2012].
These community responses can potentially be included into models using a PFT approach (e.g., by allowing
for shifts in PFT composition under different soil moisture levels or stresses); however, experimental data are
still insufficient for providing thresholds necessary for parameterization of these responses in different
biomes and likely a very large within biome variability has to be expected. More data on reproduction and
mortality of different species are anyhowwarranted. More likely these responses could be incorporated using
a trait-, rather than PFT-, based framework for modeling species heterogeneity. A trait-based framework
involves employing known relationships between plant traits that arise a consequence of evolutionary trade-
offs [Osnas et al., 2013; Reich, 2014; Wright et al., 2004] to describe species distributions in time and space
[Van Bodegom et al., 2012]. This work is promising in that it overcomes many of the problems associated with
using PFTs (e.g., few PFT levels andmany individual parameterizations); however, this work is still in its infancy
[Douma et al., 2012; Pavlick et al., 2013; Scheiter et al., 2013].
6.5. Scales of Responses
Long-term (>10 years) precipitation manipulation experiments are rare [Beier et al., 2012]. Short-term
experiments may be able to adequately explore the response of stomatal functioning or fortuitously capture
extremes. However, responses such as plant and/or microbial species changemay not be able to be observed
over the short time scales utilized in most experiments (Figure 1) [Smith et al., 2009]. This is also important for
model development, as the processes that respond to longer-term changes are typically higher-level
processes (e.g., phenology on the scale of a season and plant community dynamics on the scale of years to
decades). These higher-level processes ultimately define lower level processes and, thus, can be critical for
model functioning. For instance, it is rather different for a model to reproduce the plant response to a few
days-long drought or to several years of below average precipitation.
To highlight the importance of this issue, we developed a simple model sensitivity experiment. We evaluated
model sensitivity of the carbon assimilation, SOM decomposition, phenology, and community composition
processes above using the land component of the NOAA/GFDL ESM (LM3) [Shevliakova et al., 2009]. We ran
simulations at a grid cell corresponding to a temperate deciduous broadleaf forest flux tower site in Indiana,
USA [Dragoni et al., 2011], for 7 years (1999–2005) following a 299 year spin-up. The model structures used
included a base version of the model [Shevliakova et al., 2009], as well as versions that (1) increased
conductance limitation under drought stress by a factor of 2 (carbon assimilation), (2) increased the moisture
level at which leaves drop by a factor of 1.5 (phenology), (3) changed the SOM decomposition-soil moisture
function from a peaked to constantly increasing function (SOM decomposition), and (4) altered the PFT
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distribution from 100% temperate
deciduous trees to a 50–50 mix of
temperate deciduous trees and C3
grasses (community responses). See
the supporting information for a full
description of the sensitivity study.
Our results confirmed the idea that
models are most sensitive to higher-
level processes, particularly shifts in
vegetation cover, as changes to the PFT
distribution had the largest effect on
the modeled NEE, increasing NEE by
36%, compared to a <5% change for
alterations to leaf gas exchange,
phenology, or SOM decomposition
functions (Figure 6). This may be
surprising considering that leaf gas
exchange, phenology, and SOM
decomposition are more closely linked
to the carbon flux of the system (i.e.,
NEE). However, within the model,
changes in PFT structure outweigh
relatively subtle changes in leaf gas
exchange and SOM decomposition. PFT
structure ultimately describes the magnitude of change that occurs as a result of changes in these lower level
processes (e.g., the way in which CO2 is taken up is determined by the growth and survival strategy and
photosynthetic pathway of the plants within each PFT). While the case study shown here is only for one
model formulation under a subjectively chosen set of scenarios, it highlights the critical need for studies to
improve the formulations and/or parameterizations for higher-level functions. It is also supported by a recent
study which showed that sensitivity of ET and vegetation productivity to changes in annual precipitation
increases when an ecosystem undergoes reorganization (e.g., successional and invasion processes, shifts in
composition [Fatichi and Ivanov, 2014]). In addition, these results highlight the importance of site-level
conditions in modeling studies. As such, it is critical that experiments report site conditions such as species
distribution and soil type and texture in order to help integrate results with models.
7. Connecting Plot-Scale Data With Models Using Intermediate-Scale Observations
Above, we have outlined examples of ways in which plot-scale precipitation manipulation experiments can
help to improve LSMs. However, each example often assumes that plot-scale responses will be representative
of larger spatial scales (e.g., ecosystem, regional, or global scale). Also, many processes are measured in
the field at different temporal scales than their model analogs. For example, leaf gas exchange responses
occurring over short time periods (e.g., seconds) in the field must be assumed to be similar when
incorporated into or tested against a model utilizing a larger time step. Also, there may be small-scale (i.e.,
subgrid from amodel perspective) variability that can influence the data (e.g., soil moisture differences due to
topographic effects or heterogeneity in soils). These spatial and temporal mismatches are likely to invalidate
direct comparisons between large-scale models and data from precipitation manipulation experiments.
Therefore, ad hoc solutions are often used for making these comparisons [LeMone et al., 2008].
One possible solution is to use and develop independent, intermediate-scale data (i.e., data at a scale
between the plot level and the level that the model is functioning) to test models and formulations designed
using data from precipitation manipulation experiments, similar to model benchmarking techniques that
have been previously proposed [Henderson-Sellers et al., 1993; Luo et al., 2012; Randerson et al., 2009] and
carried out [e.g., Egea et al., 2011a; Keenan et al., 2010; Kleidon and Heimann, 1998; Powell et al., 2013;
Richardson et al., 2012; Schaefer et al., 2012; Todd-Brown et al., 2013; Vargas et al., 2013]. One such effort, the
Figure 6. Percent change in simulated net ecosystem exchange (NEE) at
the Morgan Monroe State Forest flux tower site from 1999–2005 as a
result of an alteration to one of the four processes mentioned in the text
compared to a base version of the model [Shevliakova et al., 2009]: (1)
water stress function on stomatal conductance (gs) increased by a factor of
2 (green), (2) increasing rather than peaked function for SOM decompo-
sition responses to soil moisture (as in the basemodel; brown), (3) drought-
induced threshold for leaf drop increased by a factor of 1.5 (green), and (4)
base model with 50–50 C3 grass-temperate deciduous tree distribution rather
than 100% temperate deciduous trees (as in the base model; blue). See text
and the supporting information for simulation details.
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Project for Intercomparison of Land-surface Parameterization Schemes (PILPS) [Henderson-Sellers et al., 1993,
1995], was designed to improve LSMs through comparison and evaluation of different models. This led to a
broader understanding of the processes that result in differences between models. For instance, the PILPS
project found that soil moisture estimation contributed greatly to differences between models [Henderson-
Sellers et al., 1995]. Model intercomparisons help to determine the formulation differences between models
that lead to uncertainty but do not necessarily pinpoint the particular process or parameterization that
needs to be better represented, as indirect and multiple effects may influence these differences. In fact,
problems with model functioning may balance out under typical conditions and not manifest until extreme
conditions are seen [Niyogi et al., 1999], conditions that may not occur until long into the future.
As a solution, parameterization-level (i.e., equation), rather than model-level, studies could be performed
to test the influence of the addition and/or change of a particular parameterization within a single LSM,
comparing versions of a single model with differing structures in an ensemble mode. For example, one could
run two simulations with inputs and forcings from an observational site (e.g., flux tower site). One simulation
would use the original formulation or parameterization of a process, while the other would use a formulation
or parameterization from a precipitation manipulation experiment. Following the simulations, comparisons
to observational data could then be made (e.g., using Taylor scores [Taylor, 2001]) to see if the new model
outperformed the old model. This would provide an appropriate test for the scalability of the new
formulations or parameterizations.
Comparisons of model output could be made with any number of available observational data, including flux
tower, forest inventory, remote sensing, or aircraft data. In fact, flux tower data sets have been designed, in
part, for such studies [Reichstein et al., 2005]. Each data source would come with its own set of positive and
negative aspects relating to data availability and global coverage, size of the data footprint, and degree to
which the data are truly observational, which reflects the amount of post processing needed and
assumptions met to obtain usable data. Therefore, careful consideration should be made when choosing the
type of data to compare with and, in most cases, it is best to make comparisons to multiple data sets.
In addition, the initial conditions and equilibrium spun-up conditions likely play a large influence on model-
data comparisons at the scale of observations. Therefore, initial conditions, including plant species and SOM
quality and amount, among others, should be set to best match the observational site and ensemble
simulations should be done to explore the uncertainty related to initial conditions that are unrelated to the
model formulation. Following single-model analysis, similar analyses using other models could be performed
to test the generality of the response across models. This could be done using a framework similar to that
used in PILPS [Henderson-Sellers et al., 1993, 1995].
Data from precipitationmanipulation experiments could also be used for model-data comparisons, assuming
that data used for comparison are independent of data used for model parameterization. Comparisons with
data from manipulation studies have been performed for CO2 enrichment studies [De Kauwe et al., 2013;
Fatichi and Leuzinger, 2013; Hickler et al., 2008; Warren et al., 2011; Zaehle et al., 2014] but are rare for
precipitation manipulation studies (but see Fisher et al. [2007] and Powell et al. [2013]). The recommendations
provided here would help these comparisons to be made more broadly.
8. Conclusions
Current-generation LSMs are becoming more sophisticated, but, as we have shown above, opportunities
exist to improve their ability to simulate biological responses to precipitation and soil moisture. Precipitation
manipulation experiments provide an excellent structure by which modeled processes can be examined.
These field experiments have proved valuable for understanding processes under different hydrological
conditions. We propose that if these experiments are conducted with models in mind (Table 1), they can help
to improve model realism. This is particularly true if adequate covariates that allow the response of biological
processes to be modeled are examined (Figure 5). At least two types of field to model studies could be
realized: one using field data to improve mechanistic understanding and reformulate or reparameterize a
modeled process, the other testing models using field data as a reference.
Similarly, modeling studies are needed that keep experiments in mind, as they can be helpful for defining the
processes and parameters that can be directly improved using field measurements (Figure 6). The objective
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 426
of this review is not to suggest the restructuring of all precipitation manipulation experiments but to
highlight the potential value of these experiments to models and to reignite the dialog necessary to
reconnect the experiments to models and thus scale findings from the plot to the globe.
To summarize, the following are six specific comments and recommendations for helping to improve the
connectivity between precipitation manipulation experiments and LSMs:
1. Experimentalists should consider using an experimental design that could help improve models
and expand the level of inference of their research by becoming familiar with a model structure and
tailoring their experimental design appropriately. This includes using designs with multiple (i.e., ≥ 2)
treatment levels to allow for responses to be regressed across a broad range of precipitation and/or
moisture values. The targeted model in this case does not matter, as other models will likely be flexible
enough to adjust. If the goal of a particular project is to understand how an ecosystem may respond in
the future, the connection with modeling studies is particularly necessary.
2. Modelers should encourage this investment by experimentalists and become involved in experimental
design, indicating necessary and important measurements. However, modelers should be mindful of
experimental limitations and come up with creative ways to incorporate experimental results and validate
those results (e.g., using larger-scale observations).
3. Although precipitation manipulation experiments are becoming more common, the responses of differ-
ent processes across a high spatial resolution are still unknown due to the poor experimental represen-
tation of many biomes. As such, experiments in unrepresented biomes, particularly those occurring at
high and low latitudes as well as urban biomes, should be prioritized. Input from themodeling community
regarding regions that show the highest uncertainty will be of value.
4. Following from 3, many of the responses discussed above occur over long time scales (Figure 1). Therefore,
experiments that run over long time periods (>10years) or capture extremes are particularly valuable.
5. Decreased model performance or increased model uncertainty resulting from the inclusion and/or
reparameterization of processes evaluated in the field should not deter modeling studies from
examining, and even including, more mechanistic formulations. Getting the right causality for a given
mechanism is important, even at the cost of getting a worse model fit, initially. Representing observed
processes increases model realism, which results in a decrease in uncertainty in a future, changing world.
6. Following from 5, there is still a need to improve the way in which models are evaluated. For example,
contemporary assessments (such as those mentioned previously) may find that a version of a model
that omits certain mechanisms performs better than a more realistic version. The conclusion may be
made that the more realistic version is worse, when instead more studies are needed to improve its
formulation and/or parameterization. In addition, parameterization evaluations are needed to compliment
full model evaluations that have been performed or are currently underway.
Precipitation manipulation experiments are an invaluable tool for helping to improve models, and through
increased discussion between the different communities, heeding to the recommendations above, greater
progress could be made in understanding how terrestrial ecosystems will respond to future change, under
hydrological extremes.
References
Aires, L. M., C. A. Pio, and J. S. Pereira (2008), The effect of drought on energy and water vapour exchange above a Mediterranean C3/C4
grassland in Southern Portugal, Agric. For. Meteorol., 148(4), 565–579.
Alexander, L. V., et al. (2006), Global observed changes in daily climate extremes of temperature and precipitation, J. Geophys. Res., 111,
D05109, doi:10.1029/2005JD006290.
Allan, R. P., C. Liu, M. Zahn, D. A. Lavers, E. Koukouvagias, and A. Bodas-Salcedo (2013), Physically consistent responses of the global
atmospheric hydrological cycle in models and observations, Surv. Geophys., 35, 533–552.
Allard, V., J. M. Ourcival, S. Rambal, R. Joffre, and A. Rocheteau (2008), Seasonal and annual variation of carbon exchange in an evergreen
Mediterranean forest in southern France, Global Change Biol., 14(4), 714–725.
Allison, S. D., M. D. Wallenstein, and M. A. Bradford (2010), Soil-carbon response to warming dependent on microbial physiology, Nat. Geosci.,
3(5), 336–340.
Amenu, G. G., and P. Kumar (2008), Amodel for hydraulic redistribution incorporating coupled soil-root moisture transport, Hydrol. Earth Syst.
Sci., 12(1), 55–74.
Andrén, O., and K. Paustian (1987), Barley straw decomposition in the field: A comparison of models, Ecology, 68(5), 1190–1200.
Arneth, A., et al. (2010), Terrestrial biogeochemical feedbacks in the climate system, Nat. Geosci., 3(8), 525–532.
Arora, V. K., and G. J. Boer (2005), A parameterization of leaf phenology for the terrestrial ecosystem component of climate models,
Global Change Biol., 11(1), 39–59.
Acknowledgments
We would like to thank Robert
Dickinson and one anonymous reviewer
for their comments on an earlier version
of this review, which strengthened its
breadth and focus. This review grew out
of an organized oral session on precipi-
tation manipulation experiments at the
96th Annual Meeting of the Ecological
Society of America. We would like to
thank the organizers and participants of
that session for their discussion of
topics relevant to this review. We would
also like to thank the members of the
INTERFACE research coordination net-
work (RCN), particularly Jeff Dukes, for
their discussion of topics related to this
review. N.G.S. was supported by a
Purdue Climate Change Research
Center (PCCRC) Fellowship and a NASA
Earth and Space Science Fellowship.
D.N. acknowledges support through
NSF CAREER (AGS 0847872) and
USDA/NIFA U2U project. Data from
analyses and figures will be archived to
the Purdue University Research Repository
and can be accessed by contacting the
corresponding author (NGS). This is publi-
cation number 1414 of the PCCRC.
The Editor on this paper was Gregory
Okin. He thanks Simone Fatichi, Robert
Dickinson, and two anonymous
reviewers for their review assistance on
this manuscript.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 427
Arora, V. K., et al. (2013), Carbon–concentration and carbon–climate feedbacks in CMIP5 Earth system models, J. Clim., 26(15), 5289–5314.
Austin, A. T., L. Yahdjian, J. M. Stark, J. Belnap, A. Porporato, U. Norton, D. A. Ravetta, and S. M. Schaeffer (2004), Water pulses and
biogeochemical cycles in arid and semiarid ecosystems, Oecologia, 141(2), 221–235.
Averill, C., B. L. Turner, and A. C. Finzi (2014), Mycorrhiza-mediated competition between plants and decomposers drives soil carbon storage,
Nature, 505, 543–545, doi:10.1038/nature12901.
Avolio, M., J. Beaulieu, and M. Smith (2012), Genetic diversity of a dominant C4 grass is altered with increased precipitation variability,
Oecologia, 1–11, 571–81.
Baldocchi, D. (1997), Measuring and modelling carbon dioxide and water vapour exchange over a temperate broad-leaved forest during the
1995 summer drought, Plant Cell Environ., 20(9), 1108–1122.
Baldocchi, D. D., C. A. Vogel, and B. Hall (1997), Seasonal variation of energy and water vapor exchange rates above and below a boreal jack
pine forest canopy, J. Geophys. Res., 102(D24), 28,939–28,951, doi:10.1029/96JD03325.
Ball, J. T., I. Woodrow, and J. Berry (1987), A model predicting stomatal conductance and its contribution to the control of photosynthesis
under different environmental conditions, in Progress in Photosynthesis Research, edited by J. Biggins, pp. 221–224, Springer, Netherlands.
Balvanera, P., A. B. Pfisterer, N. Buchmann, J.-S. He, T. Nakashizuka, D. Raffaelli, and B. Schmid (2006), Quantifying the evidence for biodiversity
effects on ecosystem functioning and services, Ecol. Lett., 9(10), 1146–1156.
Barger, N. N., S. R. Archer, J. L. Campbell, C.-Y. Huang, J. A. Morton, and A. K. Knapp (2011), Woody plant proliferation in North American
drylands: A synthesis of impacts on ecosystem carbon balance, J. Geophys. Res., 116, G00K07, doi:10.1029/2010JG001506.
Bartholomeus, R. P., J.-P. M. Witte, P. M. van Bodegom, J. C. van Dam, and R. Aerts (2008), Critical soil conditions for oxygen stress to plant
roots: Substituting the Feddes-function by a process-based model, J. Hydrol., 360(1–4), 147–165.
Battipaglia, G., M. Saurer, P. Cherubini, C. Calfapietra, H. R. McCarthy, R. J. Norby, and M. Francesca Cotrufo (2013), Elevated CO2 increases
tree-level intrinsic water use efficiency: Insights from carbon and oxygen isotope analyses in tree rings across three forest FACE sites,
New Phytol., 197(2), 544–554.
Beier, C., et al. (2004), Novel approaches to study climate change effects on terrestrial ecosystems in the field: Drought and passive nighttime
warming, Ecosystems, 7(6), 583–597.
Beier, C., et al. (2012), Precipitation manipulation experiments—Challenges and recommendations for the future, Ecol. Lett., 15(8), 899–911.
Best, M. J., et al. (2011), The Joint UK Land Environment Simulator (JULES), model description—Part 1: Energy and water fluxes, Geosci. Model
Dev. Discuss., 4(1), 595–640.
Bloor, J., P. Pichon, R. Falcimagne, P. Leadley, and J.-F. Soussana (2010), Effects of warming, summer drought, and CO2 enrichment on aboveground
biomass production, flowering phenology, and community structure in an upland grassland ecosystem, Ecosystems, 13(6), 888–900.
Blyth, E., D. B. Clark, R. Ellis, C. Huntingford, S. Los, M. Pryor, M. Best, and S. Sitch (2010), A comprehensive set of benchmark tests for a land
surface model of simultaneous fluxes of water and carbon at both the global and seasonal scale, Geosci. Model Dev. Discuss., 3(4),
1829–1859.
Bonan, G. B. (1995), Land-atmosphere CO2 exchange simulated by a land surface process model coupled to an atmospheric general circu-
lation model, J. Geophys. Res., 100(D2), 2817–2831, doi:10.1029/94JD02961.
Bonan, G. B., S. Levis, L. Kergoat, and K. W. Oleson (2002), Landscapes as patches of plant functional types: An integrating concept for climate
and ecosystem models, Global Biogeochem. Cycle, 16(2), 1021, doi:10.1029/2000GB001360.
Bonan, G. B., S. Levis, S. Sitch, M. Vertenstein, and K. W. Oleson (2003), A dynamic global vegetation model for use with climate models:
Concepts and description of simulated vegetation dynamics, Global Change Biol., 9(11), 1543–1566.
Borchert, R. (1994), Soil and stem water storage determine phenology and distribution of tropical dry forest trees, Ecology, 75(5), 1437–1449.
Borken, W., E. A. Davidson, K. Savage, E. T. Sundquist, and P. Steudler (2006), Effect of summer throughfall exclusion, summer drought, and
winter snow cover on methane fluxes in a temperate forest soil, Soil Biol. Biochem., 38(6), 1388–1395.
Brzostek, E. R., D. Dragoni, H. P. Schmid, A. F. Rahman, D. Sims, C. A. Wayson, D. J. Johnson, and R. P. Phillips (2014), Chronic water stress
reduces tree growth and the carbon sink of deciduous hardwood forests, Global Change Biol., 20(8), 2531-9, doi:10.1111/gcb.12528.
Cao, M., and F. I. Woodward (1998), Dynamic responses of terrestrial ecosystem carbon cycling to global climate change, Nature, 393(6682),
249–252.
Carbone, M., C. Still, A. Ambrose, T. Dawson, A. Williams, C. Boot, S. Schaeffer, and J. Schimel (2011), Seasonal and episodic moisture controls
on plant and microbial contributions to soil respiration, Oecologia, 167(1), 265–278.
Caylor, K. K., T. M. Scanlon, and I. Rodriguez-Iturbe (2009), Ecohydrological optimization of pattern and processes in water-limited
ecosystems: A trade-off-based hypothesis, Water Resour. Res., 45, W08407, doi:10.1029/2008WR007230.
Chaves, M. M., J. S. Pereira, J. Maroco, M. L. Rodrigues, C. P. P. Ricardo, M. L. Osorio, I. Carvalho, T. Faria, and C. Pinheiro (2002), How plants cope
with water stress in the field. Photosynthesis and growth, Ann. Bot., 89(7), 907–916.
Chaves, M. M., J. P. Maroco, and J. S. Pereira (2003), Understanding plant responses to drought—Fromgenes to the whole plant, Funct. Plant Biol.,
30(3), 239–264.
Chaves, M., J. Flexas, and C. Pinheiro (2009), Photosynthesis under drought and salt stress: Regulation mechanisms from whole plant to cell,
Ann Bot, 103, 551–560.
Chou, W. W., W. L. Silver, R. D. Jackson, A. W. Thompson, and B. Allen-Diaz (2008), The sensitivity of annual grassland carbon cycling to the
quantity and timing of rainfall, Global Change Biol., 14(6), 1382–1394.
Clark, D. B., et al. (2011), The Joint UK Land Environment Simulator (JULES), model description—Part 2: Carbon fluxes and vegetation
dynamics, Geosci. Model Dev., 4(3), 701–722.
Classen, A. T., and J. A. Langley (2005), Data–model integration is not magic, New Phytol., 166(2), 367–370.
Cleland, E. E., N. R. Chiariello, S. R. Loarie, H. A. Mooney, and C. B. Field (2006), Diverse responses of phenology to global changes in a
grassland ecosystem, Proc. Natl. Acad. Sci. U.S.A., 103(37), 13,740–13,744.
Cleveland, C. C., W. R. Wieder, S. C. Reed, and A. R. Townsend (2010), Experimental drought in a tropical rain forest increases soil carbon
dioxide losses to the atmosphere, Ecology, 91(8), 2313–2323.
Coleman, K., and D. S. Jenkinson (1999), A Model for the Turnover of Carbon in Soil: Model Description and Users Guide, Harpenden, U. K.
Collatz, G. J., J. T. Ball, C. Grivet, and J. A. Berry (1991), Physiological and environmental regulation of stomatal conductance, photosynthesis,
and transpiration—A model that includes a laminar boundary layer, Agric. For. Meteorol., 54(2–4), 107–136.
Collins, W. J., et al. (2011), Development and evaluation of an Earth-system model—HadGEM2, Geosci. Model Dev. Discuss., 4(2), 997–1062.
Cottingham, K. L., J. T. Lennon, and B. L. Brown (2005), Knowing when to draw the line: Designing more informative ecological experiments,
Front. Ecol. Environ., 3(3), 145–152.
Cox, P. M. (2001), Description of the "TRIFFID" Dynamic Global Vegetation Model, Hadley Center Met Office, London Road, Bracknell, Berks,
RG122SY, U. K.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 428
Cox, P. M., C. Huntingford, and R. J. Harding (1998), A canopy conductance and photosynthesis model for use in a GCM land surface scheme,
J. Hydrol., 212–213(0), 79–94.
Craine, J. M., and T. M. Gelderman (2011), Soil moisture controls on temperature sensitivity of soil organic carbon decomposition for a mesic
grassland, Soil Biol. Biochem., 43(2), 455–457.
Cramer, W., et al. (2001), Global response of terrestrial ecosystem structure and function to CO2 and climate change: Results from six dynamic
global vegetation models, Global Change Biol., 7(4), 357–373.
De Kauwe, M. G., et al. (2013), Forest water use and water use efficiency at elevated CO2: A model-data intercomparison at two contrasting
temperate forest FACE sites, Global Change Biol., 19(6), 1759–1779.
Deardorff, J. W. (1978), Efficient prediction of ground surface temperature and moisture, with inclusion of a layer of vegetation, J. Geophys.
Res., 83(C4), 1889–1903, doi:10.1029/JC083iC04p01889.
Dickinson, R. E., A. Henderson-Sellers, P. J. Kennedy, and M. F. Wilson (1986), Biosphere-Atmosphere Transfer Scheme (BATS) for the NCAR
Community Climate Model, National Center for Atmospheric Research, Boulder, Colo.
Dickinson, R. E., A. Henderson-Sellers, and P. J. Kennedy (1993), Biosphere–Atmosphere Transfer Scheme (BATS) Version 1e as Coupled to the
NCAR Community Climate Model, National Center for Atmospheric Research, Boulder, Colo.
Dickinson, R. E., M. Shaikh, R. Bryant, and L. Graumlich (1998), Interactive canopies for a climate model, J. Clim., 11(11), 2823–2836.
Dickinson, R. E., et al. (2002), Nitrogen controls on climate model evapotranspiration, J. Clim., 15(3), 278–295.
Dietze, M. C., D. S. Lebauer, and R. O. B. Kooper (2013), On improving the communication between models and data, Plant Cell Environ., 36(9),
1575–1585.
D’Odorico, P., and A. Porporato (2004), Preferential states in soil moisture and climate dynamics, Proc. Natl. Acad. Sci. U. S. A., 101(24),
8848–8851.
D’Odorico, P., K. Caylor, G. S. Okin, and T. M. Scanlon (2007), On soil moisture–vegetation feedbacks and their possible effects on the
dynamics of dryland ecosystems, J. Geophys. Res., 112, G04010, doi:10.1029/2006JG000379.
Donohue, R. J., M. L. Roderick, T. R. McVicar, and G. D. Farquhar (2013), Impact of CO2 fertilization on maximum foliage cover across the
globe’s warm, arid environments, Geophys. Res. Lett., 40, 3031–3035, doi:10.1002/grl.50563.
Douma, J. C., J.-P. M. Witte, R. Aerts, R. P. Bartholomeus, J. C. Ordoñez, H. O. Venterink, M. J. Wassen, and P. M. van Bodegom (2012), Towards a
functional basis for predicting vegetation patterns; incorporating plant traits in habitat distribution models, Ecography, 35(4), 294–305.
Dragoni, D., H. P. Schmid, C. A. Wayson, H. Potter, C. S. B. Grimmond, and J. C. Randolph (2011), Evidence of increased net ecosystem pro-
ductivity associated with a longer vegetated season in a deciduous forest in south-central Indiana, USA, Global Change Biol., 17(2),
886–897.
Drewry, D. T., P. Kumar, S. Long, C. Bernacchi, X. Z. Liang, and M. Sivapalan (2010), Ecohydrological responses of dense canopies to environmental
variability: 1. Interplay between vertical structure and photosynthetic pathway, J. Geophys. Res., 115, G04022, doi:10.1029/2010JG001340.
Dukes, J. S., N. R. Chiariello, E. E. Cleland, L. A. Moore, M. R. Shaw, S. Thayer, T. Tobeck, H. A. Mooney, and C. B. Field (2005), Responses of
grassland production to single and multiple global environmental changes, PLoS Biol., 3(10), 1829–1837.
Eamus, D. (1999), Ecophysiological traits of deciduous and evergreen woody species in the seasonally dry tropics, Trends Ecol. Evol., 14(1), 11–16.
Easterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon, T. R. Karl, and L. O. Mearns (2000), Climate extremes: Observations, modeling, and
impacts, Science, 289(5487), 2068–2074.
Egea, G., A. Verhoef, and P. L. Vidale (2011a), Towards an improved and more flexible representation of water stress in coupled
photosynthesis–stomatal conductance models, Agric. For. Meteorol., 151(10), 1370–1384.
Egea, G., M. M. GonzÁLez-Real, A. Baille, P. A. Nortes, and A. Diaz-Espejo (2011b), Disentangling the contributions of ontogeny and water
stress to photosynthetic limitations in almond trees, Plant Cell Environ., 34(6), 962–979.
Entekhabi, D., and P. S. Eagleson (1989), Land surface hydrology parameterization for atmospheric general circulation models including
subgrid scale spatial variability, J. Clim., 2(8), 816–831.
Famiglietti, J. S., and E. F. Wood (1994), Multiscale modeling of spatially variable water and energy balance processes, Water Resour. Res.,
30(11), 3061–3078, doi:10.1029/94WR01498.
Famiglietti, J. S., D. Ryu, A. A. Berg, M. Rodell, and T. J. Jackson (2008), Field observations of soil moisture variability across scales,Water Resour.
Res., 44, W01423, doi:10.1029/2006WR005804.
Farquhar, G., S. von Caemmerer, and J. Berry (1980), A biochemical model of photosynthetic CO2 assimilation in leaves of C3 species, Planta,
149, 78–90.
Fatichi, S., and V. Y. Ivanov (2014), Interannual variability of evapotranspiration and vegetation productivity, Water Resour. Res., 50, 3275–3294,
doi:10.1002/2013WR015044.
Fatichi, S., and S. Leuzinger (2013), Reconciling observations with modeling: The fate of water and carbon allocation in a mature deciduous
forest exposed to elevated CO2, Agric. For. Meteorol., 174–175(0), 144–157.
Fatichi, S., V. Y. Ivanov, and E. Caporali (2012a), A mechanistic ecohydrological model to investigate complex interactions in cold and warm
water-controlled environments: 2. Spatiotemporal analyses, J. Adv. Model. Earth Syst., 4, M05003, doi:10.1029/2011MS000087.
Fatichi, S., V. Y. Ivanov, and E. Caporali (2012b), A mechanistic ecohydrological model to investigate complex interactions in cold and warm water-
controlled environments: 1. Theoretical framework and plot-scale analysis, J. Adv. Model. Earth Syst., 4, M05002, doi:10.1029/2011MS000086.
Fatichi, S., S. Leuzinger, and C. Körner (2014), Moving beyond photosynthesis: From carbon source to sink-driven vegetation modeling, New
Phytol., 201(4), 1086–1095.
Fay, P. A., J. D. Carlisle, A. K. Knapp, J. M. Blair, and S. L. Collins (2003), Productivity responses to altered rainfall patterns in a C4 sub-dominated
grassland, Oecologia, 137(2), 245–251.
Feddes, R. A., P. Kowalik, K. Kolinska-Malinka, and H. Zaradny (1976), Simulation of field water uptake by plants using a soil water dependent
root extraction function, J. Hydrol., 31(1–2), 13–26.
Feddes, R. A., et al. (2001), Modeling root water uptake in hydrological and climate models, Bull. Am. Meteorol. Soc., 82(12), 2797–2809.
Fischer, E. M., U. Beyerle, and R. Knutti (2013), Robust spatially aggregated projections of climate extremes, Nature Clim. Change, 3(12),
1033–1038.
Fisher, R. A., M. Williams, A. L. Da Costa, Y. Malhi, R. F. Da Costa, S. Almeida, and P. Meir (2007), The response of an Eastern Amazonian rain
forest to drought stress: Results and modelling analyses from a throughfall exclusion experiment, Global Change Biol., 13(11), 2361–2378.
Franklin, O., J. Johansson, R. C. Dewar, U. Dieckmann, R. E. McMurtrie, Å. Brännström, and R. Dybzinski (2012), Modeling carbon allocation in
trees: A search for principles, Tree Physiol., 32(6), 648–666.
Freeman, C., N. Ostle, and H. Kang (2001), An enzymic ’latch’ on a global carbon store, Nature, 409(6817), 149.
Grant, K., J. Kreyling, L. F. H. Dienstbach, C. Beierkuhnlein, and A. Jentsch (2014), Water stress due to increased intra-annual precipitation
variability reduced forage yield but raised forage quality of a temperate grassland, Agric. Ecosyst. Environ., 186(0), 11–22.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 429
Grassi, G., and F. Magnani (2005), Stomatal, mesophyll conductance and biochemical limitations to photosynthesis as affected by drought
and leaf ontogeny in ash and oak trees, Plant Cell Environ., 28(7), 834–849.
Grünzweig, J. M., and C. Körner (2001), Growth, water and nitrogen relations in grassland model ecosystems of the semi-arid Negev of Israel
exposed to elevated CO2, Oecologia, 128(2), 251–262.
Hanson, P. J. (2000), Large-scale water manipulations, in Methods in Ecosystem Science, edited by O. E. Sala et al., pp. 341–352, Springer,
New York.
Hanson, P. J., D. E. Todd, and J. S. Amthor (2001), A six-year study of sapling and large-tree growth and mortality responses to natural and
induced variability in precipitation and throughfall, Tree Physiol., 21(6), 345–358.
Hanson, P. J., M. A. Huston, and D. E. Todd (2003), Walker branch throughfall displacement experiment, in North American Temperate
Deciduous Forest Responses to Changing Precipitation Regimes, edited by P. J. Hanson and S. D. Wullschleger, pp. 8–31, Springer, New York.
Hanson, P., D. Todd, M. Huston, J. Joslin, J. Croker, and R. Augé (1998), Description and Field Performance of the Walker Branch Throughfall
Displacement Experiment: 1993–1996, Oak Ridge National Lab., Environmental Sciences Div, Tenn.
He, L., V. Y. Ivanov, G. Bohrer, J. E. Thomsen, C. S. Vogel, and M. Moghaddam (2013), Temporal dynamics of soil moisture in a northern
temperate mixed successional forest after a prescribed intermediate disturbance, Agric. For. Meteorol., 180(0), 22–33.
He, Y., S. F. J. De Wekker, J. D. Fuentes, and P. D’Odorico (2011), Coupled land-atmosphere modeling of the effects of shrub encroachment on
nighttime temperatures, Agric. For. Meteorol., 151(12), 1690–1697.
Heathman, G. C., P. J. Starks, L. R. Ahuja, and T. J. Jackson (2003), Assimilation of surface soil moisture to estimate profile soil water content,
J. Hydrol., 279(1–4), 1–17.
Held, I. M., and B. J. Soden (2006), Robust responses of the hydrological cycle to global warming, J. Clim., 19(21), 5686–5699.
Henderson-Sellers, A., Z. L. Yang, and R. E. Dickinson (1993), The project for intercomparison of land surface parameterization schemes, Bull.
Am. Meteorol. Soc., 74(7), 1335–1349.
Henderson-Sellers, A., A. J. Pitman, P. K. Love, P. Irannejad, and T. H. Chen (1995), The Project for Intercomparison of Land Surface
Parameterization Schemes (PILPS): Phases 2 and 3, Bull. Am. Meteorol. Soc., 76(4), 489–503.
Hickler, T., B. Smith, I. C. Prentice, K. MjÖFors, P. Miller, A. Arneth, and M. T. Sykes (2008), CO2 fertilization in temperate FACE experiments not
representative of boreal and tropical forests, Global Change Biol., 14(7), 1531–1542.
Hillel, D. (1998), Environmental Soil Physics: Fundamentals, Applications, and Environmental Considerations, Academic Press, London, U. K.
Hoeppner, S. S., and J. S. Dukes (2012), Interactive responses of old-field plant growth and composition to warming and precipitation, Global
Change Biol., 18(5), 1754–1768.
Hsu, J. S., J. Powell, and P. B. Adler (2012), Sensitivity of mean annual primary production to precipitation, Global Change Biol., 18(7),
2246–2255.
Huntington, T. G. (2008), CO2-induced suppression of transpiration cannot explain increasing runoff, Hydrol. Processes, 22(2), 311–314.
Huxman, T. E., J. M. Cable, D. D. Ignace, J. A. Eilts, N. B. English, J. Weltzin, and D. G. Williams (2004a), Response of net ecosystem gas exchange to a
simulated precipitation pulse in a semi-arid grassland: The role of native versus non-native grasses and soil texture, Oecologia, 141(2), 295–305.
Huxman, T. E., K. A. Snyder, D. Tissue, A. J. Leffler, K. Ogle, W. T. Pockman, D. R. Sandquist, D. L. Potts, and S. Schwinning (2004b), Precipitation
pulses and carbon fluxes in semiarid and arid ecosystems, Oecologia, 141(2), 254–268.
Intergovernmental Panel on Climate Change (IPCC) (2012), Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation, pp. 582, Cambridge Univ. Press, Cambridge, England.
Intergovernmental Panel on Climate Change (IPCC) (2013), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge Univ. Press, New York.
Ise, T., and P. R. Moorcroft (2006), The global-scale temperature and moisture dependencies of soil organic carbon decomposition: An
analysis using a mechanistic decomposition model, Biogeochemistry, 80(3), 217–231.
Ivanov, V. Y., R. L. Bras, and E. R. Vivoni (2008a), Vegetation-hydrology dynamics in complex terrain of semiarid areas: 2. Energy-water controls of
vegetation spatiotemporal dynamics and topographic niches of favorability,Water Resour. Res., 44, W03430, doi:10.1029/2006WR005595.
Ivanov, V. Y., R. L. Bras, and E. R. Vivoni (2008b), Vegetation-hydrology dynamics in complex terrain of semiarid areas: 1. A mechanistic
approach to modeling dynamic feedbacks, Water Resour. Res., 44, W03429, doi:10.1029/2006WR005588.
Ivanov, V. Y., L. R. Hutyra, S. C. Wofsy, J. W. Munger, S. R. Saleska, R. C. de Oliveira, and P. B. de Camargo (2012), Root niche separation can
explain avoidance of seasonal drought stress and vulnerability of overstory trees to extended drought in a mature Amazonian forest,
Water Resour. Res., 48, W12507, doi:10.1029/2012WR011972.
Jacobs, C. M. J., B. M. M. van den Hurk, and H. A. R. de Bruin (1996), Stomatal behaviour and photosynthetic rate of unstressed grapevines in
semi-arid conditions, Agric. For. Meteorol., 80(2–4), 111–134.
Jacobs, J. M., B. P. Mohanty, E.-C. Hsu, and D. Miller (2004), SMEX02: Field scale variability, time stability and similarity of soil moisture, Remote
Sens. Environ., 92(4), 436–446.
Jarvis, P., et al. (2007), Drying and wetting of Mediterranean soils stimulates decomposition and carbon dioxide emission: The “Birch effect,”
Tree Physiol., 27(7), 929–940.
Jenerette, G. D., R. L. Scott, and T. E. Huxman (2008), Whole ecosystem metabolic pulses following precipitation events, Funct. Ecol., 22(5),
924–930.
Jentsch, A., J. Kreyling, and C. Beierkuhnlein (2007), A new generation of climate-change experiments: Events, not trends, Front. Ecol. Environ.,
5(7), 365–374.
Jentsch, A., J. Kreyling, J. Boettcher-Treschkow, and C. Beierkuhnlein (2009), Beyond gradual warming: Extreme weather events alter flower
phenology of European grassland and heath species, Global Change Biol., 15(4), 837–849.
Katul, G., A. Porporato, and R. Oren (2007), Stochastic dynamics of plant-water interactions, Annu. Rev. Ecol. Evol. Syst., 38(1), 767–791.
Katul, G. G., R. Oren, S. Manzoni, C. Higgins, and M. B. Parlange (2012), Evapotranspiration: A process driving mass transport and energy
exchange in the soil-plant-atmosphere-climate system, Rev. Geophys., 50, RG3002, doi:10.1029/2011RG000366.
Keenan, T., S. Sabate, and C. Gracia (2010), Soil water stress and coupled photosynthesis–conductance models: Bridging the gap between
conflicting reports on the relative roles of stomatal, mesophyll conductance and biochemical limitations to photosynthesis, Agric. For.
Meteorol., 150(3), 443–453.
Keenan, T. F., D. Y. Hollinger, G. Bohrer, D. Dragoni, J. W. Munger, H. P. Schmid, and A. D. Richardson (2013), Increase in forest water-use
efficiency as atmospheric carbon dioxide concentrations rise, Nature, 499(7458), 324–327.
Kimball, J. S., M. A. White, and S. W. Running (1997), BIOME-BGC simulations of stand hydrologic processes for BOREAS, J. Geophys. Res.,
102(D24), 29,043–29,051, doi:10.1029/97JD02235.
Kleidon, A., and M. Heimann (1998), Optimised rooting depth and its impacts on the simulated climate of an atmospheric general circulation
model, Geophys. Res. Lett., 25(3), 345–348, doi:10.1029/98GL00034.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 430
Knapp, A., and M. Smith (2001), Variation among biome in temporal dynamics of aboveground primary production, Science, 291, 481–484.
Knapp, A. K. (1993), Gas exchange dynamics in C3 and C4 grasses: Consequence of differences in stomatal conductance, Ecology, 74(1), 113–123.
Knapp, A. K., et al. (2008), Consequences of more extreme precipitation regimes for terrestrial ecosystems, BioScience, 58(9), 811–821.
Knapp, A. K., J. M. Briggs, and M. D. Smith (2012), Community stability does not preclude ecosystem sensitivity to chronic resource alteration,
Funct. Ecol., 26(6), 1231–1233.
Koerner, S. E., and S. L. Collins (2014), Interactive effects of grazing, drought, and fire on grassland plant communities in North America and
South Africa, Ecology, 95(1), 98–109.
Körner, C. (2013), Growth controls photosynthesis—Mostly, Nova Acta Leopoldina, 114(391), 273 –283.
Körner, C., and D. Basler (2010), Phenology under global warming, Science, 327(5972), 1461–1462.
Koster, R. D., et al. (2004), Regions of strong coupling between soil moisture and precipitation, Science, 305(5687), 1138–1140.
Koster, R. D., Z. Guo, R. Yang, P. A. Dirmeyer, K. Mitchell, and M. J. Puma (2009), On the nature of soil moisture in land surface models, J. Clim.,
22(16), 4322–4335.
Krinner, G., N. Viovy, N. de Noblet-Ducoudre, J. Ogee, J. Polcher, P. Friedlingstein, P. Ciais, S. Sitch, and I. C. Prentice (2005), A dynamic global vegetation
model for studies of the coupled atmosphere-biosphere system, Global. Biogeochem. Cycle, 19, GB1015, doi:10.1029/2003GB002199.
Kulmatiski, A., and K. H. Beard (2013), Woody plant encroachment facilitated by increased precipitation intensity, Nature Clim. Change, 3(9),
833–837.
Lamersdorf, N. P., et al. (1998), Effect of drought experiments using roof installations on acidification/nitrification of soils, For. Ecol. Manage.,
101(1–3), 95–109.
Laurent, M. (2004), A comparison of three approaches to modeling leaf gas exchange in annually drought-stressed ponderosa pine forests,
Tree Physiol., 24(5), 529–541.
Lawrence, D. M., et al. (2011), Parameterization improvements and functional and structural advances in version 4 of the Community Land
Model, J. Adv. Model. Earth Syst., 3, M03001, doi:10.1029/2011MS000045.
Legates, D. R., R. Mahmood, D. F. Levia, T. L. DeLiberty, S. M. Quiring, C. Houser, and F. E. Nelson (2011), Soil moisture: A central and unifying
theme in physical geography, Prog. Phys. Geogr., 35(1), 65–86.
LeMone, M. A., F. Chen, J. G. Alfieri, R. H. Cuenca, Y. Hagimoto, P. Blanken, D. Niyogi, S. Kang, K. Davis, and R. L. Grossman (2007), NCAR/CU
surface, soil, and vegetation observations during the International H₂O Project 2002 field campaign, Bull. Am. Meteorol. Soc., 88, 65–81.
LeMone, M. A., M. Tewari, F. Chen, J. G. Alfieri, and D. Niyogi (2008), Evaluation of the Noah Land Surface Model using data from a fair-weather
IHOP_2002 day with heterogeneous surface fluxes, Mon. Weather Rev., 136(12), 4915–4941.
Leuning, R. (1995), A critical appraisal of a combined stomatal-photosynthesis model for C3 plants, Plant Cell Environ., 18(4), 339–355.
Leuzinger, S., G. Zotz, R. Asshoff, and C. Körner (2005), Responses of deciduous forest trees to severe drought in Central Europe, Tree Physiol.,
25(6), 641–650.
Li, F., S. Levis, and D. S. Ward (2013), Quantifying the role of fire in the Earth system—Part 1: Improved global fire modeling in the Community
Earth System Model (CESM1), Biogeosciences, 10(4), 2293–2314.
Liang, X., D. P. Lettenmaier, E. F. Wood, and S. J. Burges (1994), A simple hydrologically based model of land surface water and energy fluxes
for general circulation models, J. Geophys. Res., 99(D7), 14,415–14,428, doi:10.1029/94JD00483.
Liang, X. Z., H. I. Choi, K. E. Kunkel, Y. J. Dai, E. Joseph, J. X. L. Wang, and P. Kumar (2005), Surface boundary conditions for mesoscale regional
climate models, Earth Interact., 9, 1–28, doi:10.1175/EI151.1.
Liu, W., Z. H. E. Zhang, and S. Wan (2009), Predominant role of water in regulating soil and microbial respiration and their responses to cli-
mate change in a semiarid grassland, Global Change Biol., 15(1), 184–195.
Llorens, L., and J. Peñuelas (2005), Experimental evidence of future drier and warmer conditions affecting flowering of two co-occurring
Mediterranean shrubs, Int. J. Plant Sci., 166(2), 235–245.
Lloyd, J., and J. A. Taylor (1994), On the temperature-dependence of soil respiration, Funct. Ecol., 8(3), 315–323.
Luo, Y. Q., et al. (2012), A framework for benchmarking land models, Biogeosciences, 9(10), 3857–3874.
Ma, S., D. D. Baldocchi, L. Xu, and T. Hehn (2007), Inter-annual variability in carbon dioxide exchange of an oak/grass savanna and open
grassland in California, Agric. For. Meteorol., 147(3–4), 157–171.
Ma, S., D. D. Baldocchi, J. A. Hatala, M. Detto, and J. Curiel Yuste (2012), Are rain-induced ecosystem respiration pulses enhanced by legacies
of antecedent photodegradation in semi-arid environments?, Agric. For. Meteorol., 154–155(0), 203–213.
Maherali, H., W. T. Pockman, and R. B. Jackson (2004), Adaptive variation in the vulnerability of woody plants to xylem cavitation, Ecology,
85(8), 2184–2199.
Maherali, H., C. F. Moura, M. C. Caldeira, C. J. Willson, and R. B. Jackson (2006), Functional coordination between leaf gas exchange and
vulnerability to xylem cavitation in temperate forest trees, Plant Cell Environ., 29(4), 571–583.
Manabe, S. (1969), Climate and the ocean circulation. I. The atmospheric circulation and the hydrology of the Earth’s surface, Mon. Weather
Rev., 97(11), 739–774.
Manzoni, S., and A. Porporato (2009), Soil carbon and nitrogen mineralization: Theory and models across scales, Soil Biol. Biochem., 41(7),
1355–1379.
Medvigy, D., S. C. Wofsy, J. W. Munger, D. Y. Hollinger, and P. R. Moorcroft (2009), Mechanistic scaling of ecosystem function and dynamics in
space and time: Ecosystem Demography model version 2, J. Geophys. Res., 114, G01002, doi:10.1029/2008JG000812.
Min, S.-K., X. Zhang, F. W. Zwiers, and G. C. Hegerl (2011), Human contribution to more-intense precipitation extremes, Nature, 470(7334),
378–381.
Miranda, J. D., C. Armas, F. M. Padilla, and F. I. Pugnaire (2011), Climatic change and rainfall patterns: Effects on semi-arid plant communities
of the Iberian Southeast, J. Arid Environ., 75(12), 1302–1309.
Misson, L., A. Rocheteau, S. Rambal, J.-M. Ourcival, J.-M. Limousin, and R. Rodriguez (2010), Functional changes in the control of carbon fluxes
after 3 years of increased drought in a Mediterranean evergreen forest?, Global Change Biol., 16(9), 2461–2475.
Misson, L., D. Degueldre, C. Collin, R. Rodriguez, A. Rocheteau, J.-M. Ourcival, and S. Rambal (2011), Phenological responses to extreme
droughts in a Mediterranean forest, Global Change Biol., 17(2), 1036–1048.
Moorcroft, P. R., G. C. Hurtt, and S. W. Pacala (2001), A method for scaling vegetation dynamics: The ecosystem demographymodel (ED), Ecol.
Monogr., 71(4), 557–586.
Morgan, J. A., et al. (2004), Water relations in grassland and desert ecosystems exposed to elevated atmospheric CO2, Oecologia, 140(1), 11–25.
Morgan, J. A., D. R. LeCain, E. Pendall, D. M. Blumenthal, B. A. Kimball, Y. Carrillo, D. G. Williams, J. Heisler-White, F. A. Dijkstra, and M. West
(2011), C4 grasses prosper as carbon dioxide eliminates desiccation in warmed semi-arid grassland, Nature, 476(7359), 202–205.
Moyano, F. E., S. Manzoni, and C. Chenu (2013), Responses of soil heterotrophic respiration to moisture availability: An exploration of
processes and models, Soil Biol. Biochem., 59(0), 72–85.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 431
Nepstad, D. C., et al. (2002), The effects of partial throughfall exclusion on canopy processes, aboveground production, and biogeochemistry
of an Amazon forest, J. Geophys. Res., 107(D20), 8085, doi:10.1029/2001JD000360.
Niu, G.-Y., et al. (2011), The community Noah land surface model with multiparameterization options (Noah-MP): 1. Model description and
evaluation with local-scale measurements, J. Geophys. Res., 116, D12109, doi:10.1029/2010JD015139.
Niyogi, D., and Y. Xue (2006), Soil moisture regulates the biological response of elevated atmospheric CO2 concentrations in a coupled
atmosphere biosphere model, Global Planet. Change, 54(1–2), 94–108.
Niyogi, D., S. Raman, and K. Alapaty (1999), Uncertainty in the specification of surface characteristics, part II: Hierarchy of interaction-explicit
statistical analysis, Boundary Layer Meteorol., 91(3), 341–366.
Noilhan, J., and J. F. Mahfouf (1996), The ISBA land surface parameterisation scheme, Global Planet. Change, 13(1–4), 145–159.
Noilhan, J., and S. Planton (1989), A simple parameterization of land surface processes for meteorological models,Mon. Weather Rev., 117(3),
536–549.
O’Gorman, P. A. (2012), Sensitivity of tropical precipitation extremes to climate change, Nat. Geosci., 5(10), 697–700.
O’Gorman, P. A., and T. Schneider (2009), The physical basis for increases in precipitation extremes in simulations of 21st-century climate
change, Proc. Natl. Acad. Sci. U.S.A., 106(35), 14,773–14,777.
Oleson, K. W., et al. (2010), Technical Description of Version 4.0 of the Community Land Model (CLM), pp. 257, National Center for Atmospheric
Research, Boulder, Colo.
Oleson, K. W., et al. (2013), Technical description of version 4.5 of the Community Land Model (CLM), NCAR Technical Note NCAR/TN-503+STR, 420.
Orwin, K. H., M. U. F. Kirschbaum, M. G. St John, and I. A. Dickie (2011), Organic nutrient uptake by mycorrhizal fungi enhances ecosystem
carbon storage: A model-based assessment, Ecol. Lett., 14(5), 493–502.
Osnas, J. L. D., J. W. Lichstein, P. B. Reich, and S. W. Pacala (2013), Global leaf trait relationships: Mass, area, and the leaf economics spectrum,
Science, 340(6133), 741–744.
Pangle, R. E., J. P. Hill, J. A. Plaut, E. A. Yepez, J. R. Elliot, N. Gehres, N. G. McDowell, and W. T. Pockman (2012), Methodology and performance
of a rainfall manipulation experiment in a piñon–juniper woodland, Ecosphere, 3(4), art28, doi:10.1890/ES11-00369.1.
Parton, W. J., D. S. Schimel, C. V. Cole, and D. S. Ojima (1987), Analysis of factors controlling soil organic matter levels in Great Plains grass-
lands, Soil Sci. Soc. Am. J., 51(5), 1173–1179.
Parton, W. J., et al. (1993), Observations and modeling of biomass and soil organic matter dynamics for the grassland biome worldwide,
Global Biogeochem. Cycles, 7(4), 785–809, doi:10.1029/93GB02042.
Pavlick, R., D. T. Drewry, K. Bohn, B. Reu, and A. Kleidon (2013), The Jena Diversity-Dynamic Global Vegetation Model (JeDi-DGVM): A diverse
approach to representing terrestrial biogeography and biogeochemistry based on plant functional trade-offs, Biogeosciences, 10(6),
4137–4177.
Peñuelas, J., C. Gordon, L. Llorens, T. Nielsen, A. Tietema, C. Beier, P. Bruna, B. Emmett, M. Estiarte, and A. Gorissen (2004), Nonintrusive field
experiments show different plant responses to warming and drought among sites, seasons, and species in a north–south European
gradient, Ecosystems, 7(6), 598–612.
Peñuelas, J., J. G. Canadell, and R. Ogaya (2011), Increased water-use efficiency during the 20th century did not translate into enhanced tree
growth, Global Ecol. Biogeogr., 20(4), 597–608.
Pérez-Ramos, I. M., J. M. Ourcival, J. M. Limousin, and S. Rambal (2010), Mast seeding under increasing drought: Results from a long-term data
set and from a rainfall exclusion experiment, Ecology, 91(10), 3057–3068.
Pielke, R. A., et al. (2011), Land use/land cover changes and climate: Modeling analysis and observational evidence, Wiley Interdiscip.
Rev.-Clim. Chang., 2(6), 828–850.
Pinheiro, C., and M. M. Chaves (2011), Photosynthesis and drought: Can we make metabolic connections from available data?, J. Exp. Bot.,
62(3), 869–882.
Pitman, A. J. (2003), The evolution of, and revolution in, land surface schemes designed for climate models, Int. J. Climatol., 23(5), 479–510.
Porporato, A., F. Laio, L. Ridolfi, and I. Rodriguez-Iturbe (2001), Plants in water-controlled ecosystems: Active role in hydrologic processes and
response to water stress: III. Vegetation water stress, Adv. Water Resour., 24(7), 725–744.
Porporato, A., P. D’Odorico, F. Laio, L. Ridolfi, and I. Rodriguez-Iturbe (2002), Ecohydrology of water-controlled ecosystems, Adv. Water
Resour., 25(8–12), 1335–1348.
Porporato, A., P. D’Odorico, F. Laio, and I. Rodriguez-Iturbe (2003), Hydrologic controls on soil carbon and nitrogen cycles. I. Modeling
scheme, Adv. Water Resour., 26(1), 45–58.
Potter, C. S., J. T. Randerson, C. B. Field, P. A. Matson, P. M. Vitousek, H. A. Mooney, and S. A. Klooster (1993), Terrestrial ecosystem production
—A process model-based on global satellite and surface data, Global Biogeochem. Cycle, 7(4), 811–841.
Powell, T. L., et al. (2013), Confronting model predictions of carbon fluxes with measurements of Amazon forests subjected to experimental
drought, New Phytol., 200(2), 350–365.
Raddatz, T., C. Reick, W. Knorr, J. Kattge, E. Roeckner, R. Schnur, K. G. Schnitzler, P. Wetzel, and J. Jungclaus (2007), Will the tropical land
biosphere dominate the climate–carbon cycle feedback during the twenty-first century?, Clim. Dyn., 29(6), 565–574.
Rambal, S., J.-M. Ourcival, R. Joffre, F. Mouillot, Y. Nouvellon, M. Reichstein, and A. Rocheteau (2003), Drought controls over conductance and
assimilation of a Mediterranean evergreen ecosystem: Scaling from leaf to canopy, Global Change Biol., 9(12), 1813–1824.
Randerson, J. T., et al. (2009), Systematic assessment of terrestrial biogeochemistry in coupled climate-carbon models, Global Change Biol.,
15(10), 2462–2484.
Reich, P. B. (2014), The world-wide ‘fast–slow’ plant economics spectrum: A traits manifesto, J. Ecol., 102(2), 275–301.
Reichstein, M., et al. (2005), On the separation of net ecosystem exchange into assimilation and ecosystem respiration: Review and improved
algorithm, Global Change Biol., 11(9), 1424–1439.
Reichstein, M., et al. (2007), Reduction of ecosystem productivity and respiration during the European summer 2003 climate anomaly: A joint
flux tower, remote sensing and modelling analysis, Global Change Biol., 13(3), 634–651.
Reichstein, M., et al. (2013), Climate extremes and the carbon cycle, Nature, 500(7462), 287–295.
Reyer, C. P. O., et al. (2012), A plant’s perspective of extremes: Terrestrial plant responses to changing climatic variability, Global Change Biol.,
19(1), 75–89.
Richardson, A. D., D. Y. Hollinger, D. B. Dail, J. T. Lee, J. W. Munger, and J. O’keefe (2009), Influence of spring phenology on seasonal and annual
carbon balance in two contrasting New England forests, Tree Physiol., 29(3), 321–331.
Richardson, A. D., et al. (2012), Terrestrial biosphere models need better representation of vegetation phenology: Results from the North
American Carbon Program Site Synthesis, Global Change Biol., 18(2), 566–584.
Rivas-Arancibia, S. P., C. Montaña, J. X. Velasco Hernández, and J. A. Zavala-Hurtado (2006), Germination responses of annual plants to
substrate type, rainfall, and temperature in a semi-arid inter-tropical region in Mexico, J. Arid Environ., 67(3), 416–427.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 432
Robinson, D. A., C. S. Campbell, J. W. Hopmans, B. K. Hornbuckle, S. B. Jones, R. Knight, F. Ogden, J. Selker, and O. Wendroth (2008), Soil
moisture measurement for ecological and hydrological watershed-scale observatories: A review, Vadose Zone J., 7(1), 358–389.
Robock, A., K. Y. Vinnikov, G. Srinivasan, J. K. Entin, S. E. Hollinger, N. A. Speranskaya, S. Liu, and A. Namkhai (2000), The global soil moisture
data bank, Bull. Am. Meteorol. Soc., 81(6), 1281–1299.
Rodell, M., et al. (2004), The global land data assimilation system, Bull. Am. Meteorol. Soc., 85(3), 381–394.
Rodgers, V. L., S. S. Hoeppner, M. J. Daley, and J. S. Dukes (2012), Leaf-level gas exchange and foliar chemistry of common old-field species
responding to warming and precipitation treatments, Int. J. Plant Sci., 173(9), 957–970.
Rosenbaum, U., H. R. Bogena, M. Herbst, J. A. Huisman, T. J. Peterson, A. Weuthen, A. W. Western, and H. Vereecken (2012), Seasonal and event
dynamics of spatial soil moisture patterns at the small catchment scale, Water Resour. Res., 48, W10544, doi:10.1029/2011WR011518.
Ross, I., L. Misson, S. Rambal, A. Arneth, R. L. Scott, A. Carrara, A. Cescatti, and L. Genesio (2012), How do variations in the temporal
distribution of rainfall events affect ecosystem fluxes in seasonally water-limited Northern Hemisphere shrublands and forests?,
Biogeosciences, 9(3), 1007–1024.
Rundel, P., and W. Jarrell (2000), Water in the environment, in Plant Physiological Ecology, edited by R. Pearcy et al., pp. 29–56, Springer, Netherlands.
Sala, A., D. R. Woodruff, and F. C. Meinzer (2012), Carbon dynamics in trees: Feast or famine?, Tree Physiol., doi:10.1093/treephys/tpr143.
Saxton, K. E., and W. J. Rawls (2006), Soil water characteristic estimates by texture and organic matter for hydrologic solutions, Soil Sci. Soc.
Am. J., 70(5), 1569–1578.
Schaefer, K., et al. (2012), A model-data comparison of gross primary productivity: Results from the North American Carbon Program site
synthesis, J. Geophys. Res., 117, G03010, doi:10.1029/2012JG001960.
Scheiter, S., and S. I. Higgins (2009), Impacts of climate change on the vegetation of Africa: An adaptive dynamic vegetation modelling
approach, Global Change Biol., 15(9), 2224–2246.
Scheiter, S., L. Langan, and S. I. Higgins (2013), Next-generation dynamic global vegetation models: Learning from community ecology, New
Phytol., 198(3), 957–969.
Schimel, D. S., B. H. Braswell, E. A. Holland, R. McKeown, D. S. Ojima, T. H. Painter, W. J. Parton, and A. R. Townsend (1994), Climatic, edaphic,
and biotic controls over storage and turnover of carbon in soils, Global Biogeochem. Cycle, 8(3), 279–293.
Schimel, J., T. C. Balser, and M. Wallenstein (2007), Microbial stress-response physiology and its implications for ecosystem function, Ecology,
88(6), 1386–1394.
Schneider, T., P. A. O’Gorman, and X. J. Levine (2010), Water vapor and the dynamics of climate changes, Rev. Geophys., 48, RG3001,
doi:10.1029/2009RG000302.
Schuur, E. A. G. (2003), Productivity and global climate revisited: The sensitivity of tropical forest growth to precipitation, Ecology, 84(5),
1165–1170.
Sellers, P. J., Y. Mintz, Y. C. Sud, and A. Dalcher (1986), A Simple Biosphere Model (SIB) for use within general circulation models, J. Atmos. Sci.,
43(6), 505–531.
Sellers, P. J., J. A. Berry, G. J. Collatz, C. B. Field, and F. G. Hall (1992), Canopy reflectance, photosynthesis, and transpiration. III. A reanalysis
using improved leaf models and a new canopy integration scheme, Remote Sens. Environ., 42(3), 187–216.
Sellers, P. J., D. A. Randall, G. J. Collatz, J. A. Berry, C. B. Field, D. A. Dazlich, C. Zhang, G. D. Collelo, and L. Bounoua (1996), A revised land surface
parameterization (SiB2) for atmospheric GCMS. Part I: Model formulation, J. Clim., 9(4), 676–705.
Sellers, P. J., et al. (1997), Modeling the exchanges of energy, water, and carbon between continents and the atmosphere, Science, 275(5299),
502–509.
Seneviratne, S. I., T. Corti, E. L. Davin, M. Hirschi, E. B. Jaeger, I. Lehner, B. Orlowsky, and A. J. Teuling (2010), Investigating soil moisture–climate
interactions in a changing climate: A review, Earth Sci. Rev., 99(3–4), 125–161.
Shaw, B., T. H. Thomas, and D. T. Cooke (2002), Responses of sugar beet (Beta vulgaris L.) to drought and nutrient deficiency stress, Plant
Growth Regul., 37(1), 77–83.
Shevliakova, E., S. W. Pacala, S. Malyshev, G. C. Hurtt, P. C. D. Milly, J. P. Caspersen, L. T. Sentman, J. P. Fisk, C. Wirth, and C. Crevoisier (2009),
Carbon cycling under 300 years of land use change: Importance of the secondary vegetation sink, Global Biogeochem. Cycles, 23, GB2022,
doi:10.1029/2007GB003176.
Sillmann, J., V. V. Kharin, F. W. Zwiers, X. Zhang, and D. Bronaugh (2013), Climate extreme indices in the CMIP5 multi-model ensemble. Part 2:
Future climate projections, J. Geophys. Res. Atmos., 118, 2473–2493, doi:10.1002/jgrd.50188.
Sitch, S., et al. (2003), Evaluation of ecosystem dynamics, plant geography and terrestrial carbon cycling in the LPJ dynamic global vegetation
model, Global Change Biol., 9(2), 161–185.
Smith, B., I. C. Prentice, and M. T. Sykes (2001), Representation of vegetation dynamics in the modelling of terrestrial ecosystems: Comparing
two contrasting approaches within European climate space, Global Ecol. Biogeogr., 10(6), 621–637.
Smith, M. D. (2011), An ecological perspective on extreme climatic events: A synthetic definition and framework to guide future research,
J. Ecol., 99(3), 656–663.
Smith, M. D., A. K. Knapp, and S. L. Collins (2009), A framework for assessing ecosystem dynamics in response to chronic resource alterations
induced by global change, Ecology, 90(12), 3279–3289.
Sponseller, R. A. (2007), Precipitation pulses and soil CO2 flux in a Sonoran Desert ecosystem, Global Change Biol., 13(2), 426–436.
Suseela, V., and J. S. Dukes (2012), The responses of soil and rhizosphere respiration to simulated climatic changes vary by season, Ecology,
94(2), 403–413.
Suseela, V., R. T. Conant, M. D. Wallenstein, and J. S. Dukes (2012), Effects of soil moisture on the temperature sensitivity of heterotrophic
respiration vary seasonally in an old-field climate change experiment, Global Change Biol., 18(1), 336–348.
Taylor, K. E. (2001), Summarizing multiple aspects of model performance in a single diagram, J. Geophys. Res., 106(D7), 7183–7192,
doi:10.1029/2000JD900719.
Tebaldi, C., K. Hayhoe, J. Arblaster, and G. Meehl (2006), Going to the extremes: An intercomparison of model-simulated historical and future
changes in extreme events, Clim. Change, 79(3–1), 185–211.
Teuling, A. J., S. I. Seneviratne, C. Williams, and P. A. Troch (2006), Observed timescales of evapotranspiration response to soil moisture,
Geophys. Res. Lett., 33, L23403, doi:10.1029/2006GL028178.
Thornton, P. E., S. C. Doney, K. Lindsay, J. K. Moore, N. Mahowald, J. T. Randerson, I. Fung, J. F. Lamarque, J. J. Feddema, and Y. H. Lee (2009),
Carbon-nitrogen interactions regulate climate-carbon cycle feedbacks: Results from an atmosphere–ocean general circulation model,
Biogeosciences, 6(10), 2099–2120.
Todd-Brown, K. E. O., J. T. Randerson, W. M. Post, F. M. Hoffman, C. Tarnocai, E. A. G. Schuur, and S. D. Allison (2013), Causes of variation in soil
carbon simulations from CMIP5 Earth system models and comparison with observations, Biogeosciences, 10(3), 1717–1736.
Treseder, K. K., et al. (2012), Integrating microbial ecology into ecosystem models: Challenges and priorities, Biogeochemistry, 109(1–3), 7–18.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 433
Van Bodegom, P. M., J. C. Douma, J. P. M. Witte, J. C. Ordoñez, R. P. Bartholomeus, and R. Aerts (2012), Going beyond limitations of plant
functional types when predicting global ecosystem–atmosphere fluxes: Exploring the merits of traits-based approaches, Global Ecol.
Biogeogr., 21(6), 625–636.
van Genuchten, M. T. (1980), A closed-form equation for predicting the hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J., 44(5),
892–898.
van Schaik, C. P., J. W. Terborgh, and S. J. Wright (1993), The phenology of tropical forests: Adaptive significance and consequences for
primary consumers, Annu. Rev. Ecol. Syst., 24(1), 353–377.
Vargas, R., et al. (2013), Drought influences the accuracy of simulated ecosystem fluxes: A model-data meta-analysis for Mediterranean oak
woodlands, Ecosystems, 16(5), 749–764.
Vereecken, H., J. A. Huisman, H. Bogena, J. Vanderborght, J. A. Vrugt, and J. W. Hopmans (2008), On the value of soil moisture measurements
in vadose zone hydrology: A review, Water Resour. Res., 44, W00D06, doi:10.1029/2008WR006829.
Verseghy, D. L. (1991), Class—A Canadian land surface scheme for GCMS. I. Soil model, Int. J. Climatol., 11(2), 111–133.
Vicca, S., et al. (2012), Urgent need for a common metric to make precipitation manipulation experiments comparable, New Phytol., 195(3),
518–522.
Vico, G., and A. Porporato (2008), Modelling C3 and C4 photosynthesis under water-stressed conditions, Plant Soil, 313(1–2), 187–203.
Viterbo, P., and A. C. M. Beljaars (1995), An improved land surface parameterization scheme in the ECMWF model and its validation, J. Clim.,
8(11), 2716–2748.
Walter, J., K. Grant, C. Beierkuhnlein, J. Kreyling, M. Weber, and A. Jentsch (2012), Increased rainfall variability reduces biomass and forage
quality of temperate grassland largely independent of mowing frequency, Agric. Ecosyst. Environ., 148, 1–10.
Wang, Y. P., and R. Leuning (1998), A two-leaf model for canopy conductance, photosynthesis and partitioning of available energy. I: Model
description and comparison with a multi-layered model, Agric. For. Meteorol., 91(1–2), 89–111.
Warren, J. M., E. Pötzelsberger, S. D. Wullschleger, P. E. Thornton, H. Hasenauer, and R. J. Norby (2011), Ecohydrologic impact of reduced
stomatal conductance in forests exposed to elevated CO2, Ecohydrology, 4(2), 196–210.
Weltzin, J. F., et al. (2003), Assessing the response of terrestrial ecosystems to potential changes in precipitation, BioScience, 53(10), 941–952.
Wieder, W. R., G. B. Bonan, and S. D. Allison (2013), Global soil carbon projections are improved by modelling microbial processes, Nature
Clim. Change, 3(10), 909–912.
Wright, I. J., et al. (2004), The worldwide leaf economics spectrum, Nature, 428(6985), 821–827.
Wu, Z., P. Dijkstra, G. W. Koch, J. Peñuelas, and B. A. Hungate (2011), Responses of terrestrial ecosystems to temperature and precipitation
change: A meta-analysis of experimental manipulation, Global Change Biol., 17(2), 927–942.
Xu, L., and D. D. Baldocchi (2004), Seasonal variation in carbon dioxide exchange over a Mediterranean annual grassland in California, Agric.
For. Meteorol., 123(1–2), 79–96.
Xu, L., D. D. Baldocchi, and J. Tang (2004), How soil moisture, rain pulses, and growth alter the response of ecosystem respiration to tem-
perature, Global Biogeochem. Cycles, 18, GB4002, doi:10.1029/2004GB002281.
Yachi, S., and M. Loreau (1999), Biodiversity and ecosystem productivity in a fluctuating environment: The insurance hypothesis, Proc. Natl.
Acad. Sci. U.S.A., 96(4), 1463–1468.
Yahdjian, L., and O. Sala (2002), A rainout shelter design for intercepting different amounts of rainfall, Oecologia, 133(2), 95–101.
Zaehle, S., and A. D. Friend (2010), Carbon and nitrogen cycle dynamics in the O-CN land surface model: 1. Model description, site-scale
evaluation, and sensitivity to parameter estimates, Global Biogeochem. Cycles, 24, GB1005, doi:10.1029/2009GB003521.
Zaehle, S., P. Friedlingstein, and A. D. Friend (2010), Terrestrial nitrogen feedbacks may accelerate future climate change, Geophys. Res. Lett.,
37, L01401, doi:10.1029/2009GL041345.
Zaehle, S., et al. (2014), Evaluation of 11 terrestrial carbon–nitrogen cycle models against observations from two temperate Free-Air CO2
Enrichment studies, New Phytol., 202(3), 803–822.
Reviews of Geophysics 10.1002/2014RG000458
SMITH ET AL. ©2014. American Geophysical Union. All Rights Reserved. 434
